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Abstract
Recruitment estimates for Pacific herring, Clupea pallasi, populations in the 
Bering Sea and Northeast Pacific Ocean are highly variable, difficult to forecast, and 
crucial for determining optimum harvest levels. Age-structured population models for 
annual stock assessments o f the sac-roe fisheries rely on fishery and survey age 
composition data tuned to an auxiliary survey of total biomass. In Chapter 1, the first 
age-structured model for Norton Sound herring was developed similarly to existing 
models.
Estimates o f variability from age-structured stock assessment models for Pacific 
herring are often not calculated. In Chapter 2, a parametric bootstrap procedure using a 
fit o f the Dirichlet distribution to observed age composition data was developed as a 
quick and easy method for computing error estimates o f model estimates. This bootstrap 
technique was able to capture variability beyond that o f the multinomial distribution. 
This technique can provide estimates o f variability for existing population models with 
age composition data requiring little change to the original model structure.
Recruitment time series from Pacific herring stock assessment models for 14 
populations in the Bering Sea and Northeast Pacific Ocean were analyzed for links to the 
environment. For some populations, recruitment series were extended backward in time 
using cohort analysis. In chapter 3, correlation and multivariate cluster analyses were 
applied to determine herring population associations. There appear to be four major 
herring groups: Bering Sea, outer Gulf o f Alaska, coastal SE Alaska, and British 
Columbia.
These associations were combined with an exploratory correlation analysis of 
environmental data in chapter 4. Appropriate time periods for environmental variables 
were determined for use in Ricker type environmentally dependent spawner-recruit 
forcasting models. Global and local scale environmental variables were examined in 
forecasting models, resulting in improvements in recruitment forecasts compared to 
models without environmental data. The exploratory correlation analysis and best fit
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models, determined by jacknife error prediction, indicated temperature data 
corresponding to the year o f spawning resulted in the best forecasting models. The 
Norton Sound age-structured model, parametric bootstrap procedure, and recruitment 
forecasting models serve as enhancements to the decision process o f m anaging Pacific 
herring fisheries.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Preface
1
Pacific herring, Clupea pallasi, is a commercially and ecologically important fish 
species throughout most o f its range (Hay 1985). It is found in abundance along the 
shores o f Japan and along the Alaskan and Canadian coasts. Historically, Pacific herring 
have been harvested by man for thousands of years, and their use has ranged from basic 
subsistence to expensive gourmet food (Pete 1991). Within the Northeast Pacific Ocean, 
commercial fishing for Pacific herring began in the 1890's when fish were salted and 
pickled. At the beginning o f the1920's, reduction fisheries for Pacific herring meal and 
oil began to operate in Southeast Alaska and British Columbia. Around the late 1960's 
the reduction fisheries stopped in Southeast Alaska and British Columbia because of the 
availability o f  cheaper Peruvian anchoveta. Bering Sea herring experienced some 
exploitation from various foreign fleets during this time. In the early 1970's the modem 
day sac-roe fisheries started in the Bering Sea and Northeast Pacific Ocean and continue 
to this day. In the past few years the Alaskan herring harvest has averaged 48,000 tons 
and has been valued at nearly 15 million dollars (Alaska Department o f Fish and Game 
1997). The sac-roe fishery primarily exists to serve the Japanese market for herring roe, 
which demands a relatively high price.
Fisheries science seeks to obtain the optimum benefits, typically by harvesting a 
resource, for society from the aquatic environment. In order to obtain "optimum 
benefits," a thorough knowledge of the resource and its environment is required. 
Harvesting practices involve removing surplus production from a particular population. 
The amount o f surplus production available for harvest each year can be highly variable 
and is most dependent on the population dynamics o f the stock. Integral to managing a 
population harvest is the understanding of mechanisms that govern population 
fluctuations and the ability to predict future population sizes. Despite the vast amount of 
published material on herring, a basic understanding o f the causes o f population 
fluctuations remains elusive.
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Herring population sizes, like most fish species, are determined by three 
primary controlling factors: recruitment, growth, and mortality. Recruitment is the 
number o f new fish added to the measured portion of the population. This measured 
portion can be age o f first reproduction, minimum size o f commercial utilization, or any 
other life stage of a fish. In any case, recruitment is the starting and ending point by 
which population fluctuations are studied. Growth and mortality are the forces that act on 
the individuals o f the population and ultimately determine the probability that an 
individual will survive and move into the next life stage.
Recruitment prediction is one o f the most important concerns for fisheries 
managers. Pacific herring have a relatively short life span and high degree of recruitment 
variability, making an understanding of recruitment dynamics crucial to management 
(Quinn et al. 1990). Many scientists have attempted to model growth and mortality 
processes in order to make better predictions of recruitment. Both biological and physical 
factors have been implicated as forces that determine recruitment. For herring, biological 
factors alone have shown little promise in improving recruitment predictions. Density- 
dependent spawner-recruit models explain very little o f the total variation in annual 
recruitment of Pacific herring. In many cases Pacific herring spawner-recruit 
relationships seem non-existent, indicating that density-independent factors in the 
environment may be more important.
Pacific herring populations are modeled by the Alaska Department o f Fish and 
Game (ADF&G) and the Department of Fisheries and Oceans (DFO), Canada using age- 
structured analysis (Funk et al. 1992; Schweigert and Stocker 1988). These models use 
catch-age composition data from commercial and survey catches along with an auxiliary 
estimate o f biomass, typically in the form of an aerial or spawn deposition survey. Age- 
structured models for Pacific herring data are available from stocks located in the Bering 
Sea and Northeast Pacific Ocean. In order to extend the geographic range o f Pacific 
herring data, an age-structured model of Norton Sound, Alaska herring was developed in 
Chapter 1.
2
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In order to interpret fully the results from age-structured models, estimates of 
parameter variability are required. Obtaining error estimates o f estimated parameters is 
often accomplished most easily by the incorporation o f a bootstrap procedure. Typically, 
a parametric bootstrap procedure is used in which a statistical distribution, usually the 
multinomial distribution, is fit to the age composition residuals. Use of the multinomial 
distribution often requires manipulation o f the sample size. In an attempt to obtain more 
objective error estimates, an alternate parametric bootstrap procedure was developed in 
Chapter 2 that can easily be adapted for existing age-structured models.
Age-structured models are primarily used for analyzing fishery data, but also serve 
as an excellent means o f assimilating data from various surveyed sources. Recruitment, 
spawning biomass and weight-at-age data are available from the age-structured models 
used by ADF&G and DFO. Historical age composition, weight-at-age, and total catch 
data were recorded by the National Marine Fisheries Service during the reduction 
fisheries in Kodiak, Prince William Sound, and Southeast Alaska (Reid 1971).
Pacific herring population data from the Bering Sea and Northeast Pacific Ocean 
were assimilated from the sources mentioned above for use in an analysis o f herring 
population interrelationships. Some series were extended backward in time using data 
from reduction fisheries in cohort analysis. Previous studies have indicated herring 
recruitment fluctuations are often synchronous and correlated (Hollowed et al. 1987;
Zebdi and Collie 1995; Zheng 1996). Similarities in recruitment time series for Pacific 
herring suggests populations may be grouped into large-scale associations. Chapter 3 
contains investigations o f Pacific herring population associations in the Bering Sea and 
Northeast Pacific Ocean. An analysis o f the associations could indicate deviations, 
possibly caused by local disturbances, natural or man induced. Large-scale associations 
could be the result o f herring populations responding to similar large-scale environmental 
influences.
In order to investigate the possibility that Pacific herring populations are being 
influenced by the environment, recruitment time series from the data sources mentioned 
above were analyzed in order to determine important correlations with large-scale and
3
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local environmental variables. Since spawner-recruit models seem inadequate in many 
cases for herring recruitment prediction, environmentally dependent Ricker type, 
spawner-recruit models were used to model and forecast Pacific herring recruitment in 
Chapter 4. The addition o f environmental information should enhance the ability to 
forecast herring recruitment for use in population models and the management o f  herring 
fisheries in general.
The chapters in this thesis have been formatted for submission to scholarly 
journals. Chapter 1 has been published in the Alaska Fisheries Research Bulletin 
(Williams and Quinn 1998). Chapter 2 is in the format for publication in the proceedings 
from the Lowell Wakefield Symposium (Williams and Quinn in press). Chapters 3 and 4 
have been formatted for submission to the journals Fisheries Oceanography and the 
Canadian Journal o f  Fisheries and Aquatic Sciences, respectively.
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Bruce Simonson. I would also like to acknowledge Charlie Lean for insight into the 
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internet web site run by Carnegie Mellon University, provided numerous computer 
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Chapter 1. Age-Structured Analysis o f Pacific Herring from Norton Sound, Alaska1
1.1 Abstract
For many exploitable Pacific herring Clupea pallasi stocks in Alaska, age- 
structured assessment models are used to forecast the abundance o f returning herring.
The purpose o f this study was to develop such a model for Norton Sound herring. 
Commercial catch and sampling data for Norton Sound herring were obtained from the 
Alaska Department o f Fish and Game. Natural mortality estimates were obtained from 
analysis o f life history parameters. Initial starting values for the age-structured model 
were obtained from cohort analysis. Better results were obtained when age-composition 
data for age 10 and older were pooled into a plus group. A parametric bootstrap analysis 
using a beta distribution by incorporating variability from the age-composition residuals 
provided standard errors o f the estimates. The analysis suggested that aerial surveys 
underestimated actual biomass in the early 1980s. However a sensitivity analysis 
suggested that higher natural mortality in those years could have produced similar results. 
The fit o f this model to the data was comparable to that obtained with age-structured 
assessments o f other Alaska herring stocks. We believe this model can be used as a stock 
assessment tool for management of Norton Sound herring.
1.2 Introduction
Commercial harvest o f Pacific herring Clupea pallasi from Norton Sound, Alaska 
(Figure 1.1) has been recorded as far back as 1916. Until World War n, the product was 
mostly salt cured. After World War II the demand for herring dropped, and limited roe 
herring harvests were documented from 1964 to 1978. After passage o f the Magnuson 
Act in 1978, a large-scale herring sac roe fishery began to develop. In 1979, purse seiners
6
1 An earlier version of this chapter was published (Williams and Quinn 1998).
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began working in Norton Sound; local fishers, using gillnets and beach seines, could 
not compete with them. The Alaska Board o f Fisheries recognized this and implemented 
regulations that prevented purse seining north o f the Togiak fishery. Since 1981, only 
gillnets and beach seines could be used to harvest herring in Norton Sound (Lean 1989). 
In 1992, the gillnet fishery for herring in Norton Sound could not be opened due to late 
thawing o f the pack ice.
The Alaska Department o f Fish and Game (ADF&G) performs annual stock 
assessments o f Norton Sound herring based on information from commercial catch 
samples, aerial surveys, and test fishing (done with a variable mesh gillnet operated by 
ADF&G personnel). Herring sampled from commercial and test fishery catches are used 
to estimate age, sex, size, and sexual maturity. Aerial surveys are flown annually to 
estimate biomass based on observed herring school surface area and miles of spawn 
(Lebida and Whitmore 1985). Quality of aerial survey estimates varies and in some cases 
herring abundance cannot be determined. Herring forecasts are calculated by projecting 
spring biomass estimates forward to the next year while accounting for growth, natural 
mortality, harvests, and recruitment. Forecasts are used to set harvest levels for the 
upcoming year (Funk 1993).
Harvest levels are limited to a maximum exploitation rate o f 20% o f the spawning 
population. A threshold level, below which harvests are not allowed, has been 
established to ensure a  minimum stock size o f 7,000 tons is maintained. Exploitation 
rates m aybe lowered if  stock sizes decline to levels near threshold level (Funk 1993).
The occurrence and length o f fishing periods is managed through emergency order 
authority. The Board of Fisheries has established regulations that allocate 10% o f the 
preseason projected harvest to beach seine and 90% to gillnet gear (Funk 1993).
For many exploitable herring stocks, ADF&G uses age-structured assessment 
models to forecast the abundance o f returning herring (Funk et al. 1992; Brannian et al.
1993; Yuen et al. 1994). These models incorporate auxiliary information, similar to 
models developed by Deriso et al. (1985). The purpose o f  this study was to develop an 
age-structured assessment model for Norton Sound herring that would allow assimilation
7
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o f  available data, provide standard error estimates, and could be used by ADF&G for 
forecasting purposes.
1.2.1 Data
Annual sampling reports with records o f weight-at-age for Norton Sound herring 
and a spreadsheet-based, age-structured analysis model used for the analysis o f  herring 
from Togiak Bay were obtained from ADF&G (Brannian et al. 1993; F. Funk, ADF&G, 
Juneau, personal communication; Figure 1.1). We also obtained ADF&G age-based data 
for Norton Sound herring beach seine catches, gillnet catches, total-run estimates, and 
aerial biomass survey results (H. Hamner, ADF&G, Anchorage, personal 
communication).
The beach seine and gillnet age-composition data are based on samples taken 
from the respective commercial fisheries. Total-run age-composition is based on the test 
fishery. Aerial survey biomass estimates are based on the survey results, timing o f peak 
biomass in the survey, and timing of the fishery. These data sets were then input into a 
spreadsheet-based model that uses the beach seine catches (Figure 1.2), gillnet fishery age 
compositions (Figure 1.3), total-run age compositions (Figure 1.4), and aerial survey 
biomass estimates (Figure 1.5) as its data sources. Visual analysis o f the year class data 
in Figures 1.2-1.4 suggests that 4 strong year classes were recruited to the fishery and 
persisted a number o f years: 1977 year class persisted 1982-1985, 1979 year class 
persisted 1984-1987,1982 year class persisted 1989-1991, and 1988 year class persisted 
1993-1995. The observed aerial biomass in Figure 1.5 indicates a small increase in 
biomass from 1981 to 1988, a larger increase from 1989 to a peak in 1992, and then a 
decrease from 1992 to 1995.
1 3  Methods
8
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An estimate o f  natural mortality is required for use in cohort analysis and age- 
structured analysis. Typically, for lack o f a better estimate, natural mortality is assumed 
to be 0.2. For Pacific herring, natural mortality has been shown to range from 0.1 to 0.4 
based on catch curve analyses, the rate decreasing northward (Trumble and Humphreys 
1985; Wespestad 1991). Southeast Alaska and British Columbia estimates o f herring 
natural mortality range from 0.33 to 0.46 for age-4 fish and 0.79 to 0.85 for age-8 fish, 
based on a mark-recapture experiment and catch curve analyses (Skud 1963; Tester 
1955). Hence, the overall potential range o f natural mortality for Norton Sound herring is 
0.10 to 0.85.
W e assume a single value for instantaneous natural mortality (A/) for all ages and 
years, while recognizing that this value might actually change. It is difficult to estimate a 
single value for natural mortality, let alone a series o f values, in catch-age analysis 
(Schnute and Richards 1995). Nevertheless, we do explore the sensitivity o f the model to 
different values o f M.
Several estimators o f natural mortality are based on life history parameters such as 
the Brody growth coefficient, K, of the von Bertalanffy growth curve. Gulland (1965) 
and Beverton and Holt (1957) provided estimates o f natural mortality for clupeoids as 
1.5K and 1.2K, respectively. Other methods o f estimating natural mortality include the 
Alverson and Carney (1975), Pauly (1980), Gunderson and Dygert (1988), and Jensen 
(1997) methods.
For these methods, estimates o f growth parameters are necessary. A von 
Bertalanffy growth curve for body weight was fitted to Norton Sound herring weight-at- 
age data from 1989 to 1994 using a nonlinear least squares technique. An estimate o f the 
allometric growth parameter, P = 3.48, for spawning fish from Norton Sound was 
obtained from Wespestad (1991). The results from the fit o f the equation were Wfc=
382.9 g and K  = 0.29. The Alverson-Camey method for estimating instantaneous natural 
mortality uses the age o f maximum biomass o f the fish stock. Based on an empirical 
regression analysis, Alverson and Carney (1975) determined the age o f maximum 
biomass was positively correlated to the maximum age of the fish. The maximum
9
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observed age for Norton Sound herring is 17, which is based on age samples collected 
pre- and post-fishery. Since a fishery has the effect o f decreasing the age o f maximum 
biomass and maximum age, a  conservative estimate o f 18 years was used for the 
maximum observed age for Norton Sound herring. For the Pauly method, the mean water 
temperature experienced by the stock was set at 4°C based on Wespestad's (1991) 
research o f  Eastern Bering Sea herring stocks. The results from this analysis were then 
used to calculate estimates for natural mortality.
The Gunderson and Dygert (1988) method exploits an apparent relationship o f the 
GSI (gonadal somatic index) to natural mortality. In this technique the ratio o f gonad 
weight to somatic weight is computed. The somatic weight must be calculated with the 
stomach contents removed. Since the fishery is targeting the sac-roe, roe percentages 
estimated during the fishery may serve as approximations o f the GSI. Since the roe 
percentage calculation performed by the industry includes the weight o f the stomach 
contents, the GSI will be slightly biased towards lower estimates. Historical roe 
percentages for Norton Sound herring range from 9-11% o f the total catch, which should 
correspond to roughly 18-22% for females, assuming a 50:50 sex ratio. Based on these 
estimates the natural mortality may range from 0.33 to 0.39 and may be higher based on 
the bias created by the weight of stomach contents.
Cohort analysis was performed on the Norton Sound herring catch data in order to 
obtain initial starting values for use in the age-structured analysis. The available Norton 
Sound herring data involved catches from 2 gear types, beach seine and gillnet, which 
were pooled for the cohort analysis. The data covered years 1981 to 1995 and included 
ages 3 through 16. As mentioned earlier there was no gillnet fishery in 1992. Age- 
specific gear-selectivity values were based on a logistic function, which resulted in full 
selection at ages 12 and higher. Terminal fishing mortality was set at 0.35 based on the 
level o f catches compared to survey estimates o f total abundance. Instantaneous fishing 
mortality (F) for younger years was calculated by multiplying terminal fishing mortality 
by an age-specific gear-selectivity value obtained from the Togiak Bay herring fishery. 
Numbers o f fish at age a and year t  were estimated by the following formulae:
10
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and for terminal values,
t , f=l,..., 7Xlast year) and Ng T, a= 1,..., y4(last age)
where Cg f is the total catch at age a and time t, and total instantaneous mortality is, Zg 
= M  + F  .. a.t
The age-structured model used in this analysis was based on a model currently in 
use by ADF&G (Brannian et al. 1993). The model calculates pre-fishery abundance at 
age and aerial survey abundance at age using beach seine and gillnet catch data 
supplemented with total-run and aerial survey data. The following notation is used in the 
formula for the age-structured analysis:
s a — annual survival at age a,
w ,a.t = weight at age a and year t in g,
Sa-8 = gillnet gear vulnerability at age a,
S a.r = total-run gear vulnerability at age a,
C,s = total gillnet catch at year t in millions o f fish,
C ,a.t.s = beach seine catch at age a and year t in millions o f fish,
® ' ,a.t.g = observed gillnet age-composition at age a and year t,
0  (a.t, g = estimated gillnet age-composition at age a and year t,
X,t.g = exploitable abundance relative to gillnets in millions o f fish,
©'a.t,r = observed pre-fishery total-run age-composition at age a and year t,
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© estimated pre-fishery total-run age-composition at age a and 
year t,
surveyed abundance relative to the total-run in millions o f fish, 
estimated total pre-fishery population abundance at age a and year t 
in millions o f fish,
observed total aerial survey biomass in tonnes, 
estimated aerial survey biomass for age a in tonnes,
Btq — adjusted total aerial survey estimate in tonnes.
Some of the assumptions o f the model are:
1) Beach seine catch and gillnet total catch are measured without error.
2) Catch occurs instantaneously at the start o f the year, and natural mortality 
occurs during the entire year.
3) Gillnet selectivity is constant over time and can be modeled with a logistic 
function.
4) The survey may take place either before the fishery or after, but the survey 
selectivity is assumed constant over time.
All necessary data were entered into the spreadsheet by year and age. Pre-fishery total 
population abundance, Nq was calculated by the following formula, where a = 4 to 16
and t  -  1982 to 1994:
Nq i 98i and N3 were the initial starting values obtained from cohort analysis. The 
estimated gillnet age-composition in the model was calculated as follows:
N
©
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13
V+(Ca) \  ,
S a.g =  W (1 + e r )and
x ,.s  -  I X . W , ,
a=l
where b and c are parameters o f  the logistic function. Gillnet residuals are ©'a lg — ®atg- 
The estimated total-run age-composition in the model is as follows:
©a.t,r s  N  , / X  ,a,r a,t t . r  ’
1 / /1 i -ld+(ea) \  ,sa r = 1 / (1 + e ), and
X t.r ~  ^ l Sa ,rN a j>
a-1
where d  and e are parameters of the logistic function. Total-run residuals are ®'alr 
®atr- The estimated aerial survey biomass in the model is as follows:
B  , = W ,s  N  ,a.t a.t a.r a.t >
Bt  = i x , .
a-\
and the adjusted aerial survey biomass is:
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where qt is a survey calibration parameter. The survey underestimates, is unbiased for, 
or overestimates true abundance when qt is less than, equal to, or greater than 1, 
respectively. The aerial survey residuals are B't - B tq .
The solver function in the Microsoft Excel spreadsheet program, which is based 
on a quasi-Newton optimization algorithm (Chong and Zak 1996), was then used to 
minimize total sums of squares, SSQ(otaP which consisted o f the 3 components: (1) gillnet 
age compositions (SSQg), (2) total-run age compositions (SSQJ, and (3) aerial survey 
biomass estimates (SSQb). Each represents the sum o f the squared residuals:
SSQg,SSQr,SSQb = £ C residual)2 .
To keep the magnitude o f the sums o f squares similar, each component was multiplied by 
a weighting term, A., such that
S S Q<o<al =  \ S S Q g  +  \ S S Q r  +  K S S Q b •
A bootstrap analysis was performed to obtain standard errors o f the estimates 
from the age-structured model. At first, an ordinary bootstrap o f the aerial survey and 
age-composition residuals, a random sample with replacement of residuals added to 
predicted values, was performed (Efron 1982; Efron and Tibshirani 1993). This 
technique worked for the aerial survey residuals, but resulted in negative age 
compositions because of the presence o f negative residuals and many observed age 
compositions of low to zero value. Alternatively, the age-composition data could be 
fitted to a multinomial distribution and age compositions generated based on this fit, but 
this method requires subjective determination of the effective sample sizes; we observed 
that residual variation was larger than what would be expected for a multinomial 
distribution.
14
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Our purpose in performing a bootstrap exercise was to obtain quick and easy 
estimates o f  the standard errors that could be obtained from the observed residual 
variation in age composition. We developed an alternative approach by performing a 
parametric bootstrap based upon a fit o f  the age compositions to a beta distribution (Efron 
1982; Efron and Tibshirani 1993), details o f which we intend to publish elsewhere 
(Williams and Quinn, in press). The beta distribution utilizes the beta function, which is 
a U-shaped curve with 2 shape parameters v and w, given by
15
B ( v , w ) = ? u v- ' ( l - u ) w-ld .
JO
The beta function is related to the gamma function (Evans et al. 1993). The gamma 
function and its interrelationship with the beta function are as follows:
T(c) = exp(-u)uc~ld ,
and
r ( v + w)
It is assumed that the observed age compositions, 0 'a t, follow the beta distribution with 
parameters va t and wa t, given by:
v , = z 0  and w  = z ( l - 0  ,)a.t a,t a.t v a.r
where z  = v + w , and the beta distribution variance o f 0  isa.t a,t a.t
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The parameter z  represents a common variance and allows age compositions across years 
to be modeled by the same overall distribution. The z  parameter is inversely related to the 
amount o f variation in the age-composition residuals. Given the above information, the 
beta distribution was fitted to the observed gillnet and total-run age-composition data by 
maximizing the log likelihood with respect to z:
lnl(z|{© ;,}) = £ [ ( v w -D in © ',, +(wa/ -1 )  ln (l- © ; , ) - In 5(v0,,w fl.,)],
where
In B(ya.t. wa.,) = In T(vfl , ) + In T(w0,) -  In T (z ).
A bootstrap analysis was performed by using the log-likelihood fitted beta 
function parameters vgt and w  in a visual basic program, modified from Cheng (1978), 
to generate beta distributed random age compositions. Efron and Tibshirani (1993) 
suggest a bootstrap sample o f 50-200 be used for standard error estimates. We 
anticipated a few convergence failures and therefore chose a bootstrap sample o f 110 for 
this exercise. The nature o f this log-likelihood function does not allow for zero-valued 
observed age compositions to be estimated. For the Norton Sound data the observed 
gillnet ages that were unrepresented (zero) include all ages for 1992, age 3 for all years, 
age 4 for 1988-1995, and age 5 for 1991 and 1995; in the observed total-run only age 3 in 
1994 and 1995 was unrepresented. These zeros were left alone in the bootstrap 
procedure.
Two sensitivity analyses were performed to determine the sensitivity o f  model 
parameters and output to changes in model specifications. The first sensitivity analysis 
was performed to examine the effect o f changes in aerial survey sums of squares
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weighting on survey calibration coefficients (?{) and biomass estimates. A second
sensitivity analysis was performed to determine how changes in natural mortality (M) 
affect q .
1.4 Results
The Alverson-Camey estimate o f natural mortality resulting from the analysis of 
growth parameters was 0.16 (Table 1.1). This estimate was chosen for use in the cohort 
analysis because Trumble and Humphrey's (1985) and Wespestad's (1991) research 
indicated natural mortality for Pacific herring decreases to the north and could be as low 
as 0.10 in the Eastern Bering Sea.
Estimates o f abundance obtained from cohort analysis are shown in Figure 1.6. 
The results from the cohort analysis provided initial starting values for use in the age- 
structured analysis. Specifically, the estimated abundances for age 3 (all years) and year 
1981 (all ages) were used as starting values for the age-structured analysis.
A total o f 35 parameters were estimated in the optimization function in order to 
minimize the total sums o f squares o f the residuals, SSQtotal. The estimated total
population abundance, N, for all ages in 1981 and all years except 1995 at age 3 
accounted for 27 parameters. The logistic parameters o f gear-selectivity functions for 
gillnet in years 1981-1990, gillnet in years 1991-1995, and for sampling gear added an 
additional 6 parameters. Lastly, the survey calibration coefficients for the aerial survey 
estimates for years 1981 to 1984 and 1985 to 1990 accounted for 2 parameters. The years 
1991 -1995 were assumed to have total aerial survey coverage, and therefore, there was no 
survey calibration parameter for these years.
At first the survey calibration coefficients were not used in the analysis. Initial 
solver runs revealed undesirable patterns in the residuals. In an attempt to obtain a better 
fit o f the model to the data, several weighting schemes were used for the various sums of 
squares. The aerial survey residuals for years 1982 and 1989 were removed from the total
17
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sums o f squares calculation due to poor viewing conditions during these years. Initial 
runs o f  the age-structured analysis also revealed poor fitting o f the gear-selectivity 
functions, especially for later ages. Analysis o f catch curves revealed peaks in catches 
averaging around age 8-9; therefore, gear vulnerability was fixed to 1 (indicating full 
vulnerability) for all ages >7 in years 1981-1990 and ages 8 in years 1991-1995.
The results o f various weighting schemes revealed that when more weight was 
placed on a particular sum o f squares, the results tended to conform to the more heavily 
weighted data set and bias appeared in the residual patterns for the other data sets. The 
weighting runs revealed an apparent contradiction in the data between the gillnet age- 
composition data and the aerial survey data. The question then became: which data set 
was more reliable? The aerial biomass survey experienced changes in coverage 
throughout its history. Changes in the amount o f  area flown, sometimes resulted in 
minimal biomass estimates and variation in viewing conditions introduced subjectivity 
(C. F. Lean, Alaska Department o f Fish and Game, Nome, personal communication).
Two survey calibration coefficients were added for years 1981-1984 and 1985-1990 to 
compensate for incomplete aerial survey biomass estimates. These 2 intervals were 
chosen after several runs with various combinations o f 1 and 2 survey calibration 
coefficients.
The age-structured model was optimized as a function o f  35 parameters. The 
resulting values for these parameters are shown in Table 1.2. The values o f the survey 
calibration coefficients indicate the aerial survey was overestimating the biomass in 1981 - 
1984 and underestimating the biomass in 1985-1990. An analysis o f the residuals was 
used to reveal whether the model was a good fit to the data. In the later years for the 
gillnet and total-run age-composition data there is an apparent bias in the model fit 
(Figures 1.8,1.9) that was not apparent in the biomass data (Figure 1.7). This bias is a 
direct result o f unrepresented older ages in the early years o f these data sets (Figures 1.3,
1.4). As the years progress, older fish begin to appear in the data set. This apparent trend 
o f older fish being captured in the gillnet fishery can partly be explained by a shift in the 
fisheiy to targeting older fish, which began around 1990 (C. F. Lean, Alaska Department
18
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o f Fish and Game, Nome, personal communication). However, this does not explain 
the absence o f older fish in early years for the sampling gear, which remains a mystery.
A pooled age group or plus group for ages 10-16 was added to the age-structured 
analysis to eliminate bias in the model fit for the older ages. This reduced the number o f 
parameters being estimated by the optimization function to 29. Several weighting 
schemes were tested, but it became apparent that changes in the weighting affected the 
outcome greatly, often causing initial starting values to go to zero. The contradiction 
between the gillnet and aerial survey data sets seen in the non-pooled analysis was also 
apparent in this analysis. The final set o f weighting schemes was determined by the 
minimum aerial survey weight necessary to obtain acceptable residual patterns. Based on
-9this analysis, it appeared that the best weighting scheme was 2-10 for the aerial survey 
and 1 for the gillnet and total-run sums o f squares. Another minor change for the pooled 
group analysis was to set the sum of squares weight for age 3 in the gillnet data to zero, 
based on the fact that most o f the observed age compositions are zero.
The resulting parameter estimates for the age-structured model with the pooled 
age group are shown in Table 1.3. As in the previous analysis, the estimates of the survey 
calibration parameters indicate the aerial survey overestimated biomass in 1981-1984 and 
underestimated biomass in 1985-1990. In the pre-fishery estimates, several recruitment 
year classes can be seen moving through time as the years progress (Figure 1.10). The 
first strong year class, 1977, appeared in 1981 followed by an equally strong year class, 
1979, in 1983. In 1986 a moderate year class, 1982, was apparent, and there was not 
another apparent year class until 1990 when a relatively weak year class, 1986, became 
visible. In 1992 another strong year class, 1988, was apparent in the estimates. The input 
data revealed the same year classes, except for the 1988 year class, which first appeared 
in 1992 at age 4 (Figures 1.2, 1.3, 1.4). This year class was not noticeable until 1995 in 
the gillnet age-composition data (Figure 1.3). This is a direct result o f older fish being 
targeted in the gillnet fishery, as mentioned earlier. In the aerial survey biomass estimates 
the year classes are difficult to distinguish (Figure 1.11), resulting from the differences in
19
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abundance and biomass. For these estimates the pooled age group predominated the 
biomass, particularly in later years.
The aerial survey biomass estimates have a similar residual pattern to the first 
analysis (Figure 1.7). The bias in age-composition residuals for older ages in the first 
analysis disappeared (Figure 1.12,1.13). The residuals appear well distributed, except for 
some possible outliers for the pooled age group, but nevertheless indicate a good overall 
fit o f the age-structured model. The gear vulnerability functions for the gillnet catch and 
the total-run sampling gear provided a reasonable fit (Figure 1.14). The increased age of 
vulnerability in the later years for the gillnet fishery followed the management changes 
that occurred in the early 1990s.
To obtain standard error estimates, a beta distribution was fitted to the age 
compositions. For both sets o f age compositions, the beta distribution fits appear 
adequate and may actually be a bit high (Figure 1.15). The 110 bootstrap replicates 
required approximately 15 h o f  computing time using a 100 MHz computer. The 
majority o f this computing time was involved in the optimization function in the Excel 
spreadsheet program. It must be noted that 6 optimization trials either failed to converge 
or settled on unreasonable solutions and were removed from the analysis. Because this 
technique for bootstrapping was only performed as a means o f getting rough estimates of 
variation, failure to converge with a reasonable solution is probably inconsequential to the 
final results. From the bootstrap samples the standard error was calculated for pre-fishery 
abundance estimates, aerial survey biomass estimates, gear vulnerability function 
parameters, and aerial survey calibration coefficients.
The standard errors for pre-fishery abundance and aerial survey biomass estimates 
were converted to coefficients o f variation. In Figures 1.10 and 1.11 the coefficient of 
variation appears to increase as the estimates approach zero. This is a common 
phenomenon for coefficients o f variation, and the extreme result can be seen for age 9 in 
1982 in both figures. Aside from this extreme example, the majority o f  the coefficients 
o f  variation appear to range from 20-60%. The standard deviations for the gear 
vulnerability function parameters and aerial survey calibration coefficients are shown in
20
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Table 1.3. The coefficients o f variation for these parameters was relatively small, 
ranging from 7 to 17%.
1.4.1 Sensitivity Analysis to Changes in Aerial Survey Weighting
As mentioned earlier, several aerial survey sums o f squares weights were tested 
for their effects on residual patterns. Changes in the aerial survey sums o f squares 
weights also affected the biomass and survey calibration estimates. A weighting range of 
2-10 7 to 2-10 ' '  for the aerial survey sums of squares indicated that increasing weight 
resulted in biomass estimates which increasingly conformed to observed values (Figure 
1.17). The aerial survey weighting values were positively correlated with the 1981-1984 
survey calibration parameter, while the 1985-1990 survey calibration parameter were not 
(Figure 1.18). Nevertheless, the trend in biomass estimates appeared robust, despite the 
large weighting range used in this analysis.
1.4.2 Sensitivity Analysis to Changes in Natural Mortality
A range for M  o f 0.16 to 0.60, which corresponds to an annual survival rate (S) of 
0.85 to 0.55, was placed in the model for the year groupings corresponding to aerial 
survey calibration groupings and all model parameters were re-estimated. A positive 
correlation occurs between qf for 1981-1984 and M  for the same years. Increases in M  
resulted in increases in the aerial survey calibration parameter, which approached 1, 
indicating changes in M  may explain the changes in surveyability in the aerial survey in 
the years from 1981-1984. The other aerial survey parameters for years 1985-1990 did 
not vary much with M. Changes in M  for years 1985-1990 did not affect the 
corresponding aerial survey calibration coefficient, but increases in M  in years 1985-1990 
resulted in decreases in the aerial survey calibration parameter for years 1981-1984.
21
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1.5 Conclusions
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It appears that the pooled group age-structured analysis produced a better fit to the 
data than the non-pooled age-structured analysis. The addition o f the pooled age group 
eliminated the bias being caused by the lack of representatives o f older ages in early years 
o f the gillnet and total-run age-composition data sets. One explanation for this lack of 
older fish in the early years for the gillnet fishery is related to the timing o f the fishery 
relative to the timing o f the run. Norton Sound herring, like many herring stocks, will 
begin their spawning run with the initial arrival o f the older fish followed later by the 
younger fish. The fishery may have been targeting the end o f the spawning run in early 
years and gradually there may have been a shift to target the early part o f the run in 
recent years. The manager for Norton Sound has in the last few years attempted to target 
the early part o f the run, as mentioned earlier. However, this management change does 
not explain the lack o f older fish in the early years of the total-run age compositions, so 
the total explanation remains a mystery.
The bootstrap analysis chosen for this data and model did not utilize sample size 
or the sampling scheme used to collect the data, but rather used the variation in residuals 
o f age-composition. The method is, however, easily performed without the complications 
o f sample size or major changes in the model structure. The parametric beta distribution 
provided a concise synthesis o f the variability found in the age-composition data. The 
estimates o f variation are probably sufficient for most uses. To date ADF&G does not 
calculate any type o f variance estimate for their age-structured assessments o f exploitable 
herring stocks. The bootstrapping technique provided here might prove useful for other 
age-structured herring assessments.
The sensitivity analysis to changes in aerial survey sums of squares weighting 
indicates the biomass estimates are fairly robust to large changes in weighting values. 
However, increases in the aerial survey weight resulted in biomass estimates conforming 
to observed values, which coincided with bias in the age composition residuals. These 
weighting changes also affected the survey calibration parameters, particularly the 1981-
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1984 parameter. The residual bias and inflated survey calibration parameter are 
indicators o f a data conflict.
Changes in the aerial survey calibration parameters in this age-structured model 
suggest that the influence o f age-composition data tends toward lower biomass in years 
1981 -1984 and higher biomass in 1985-1990 than the aerial survey data. This data 
conflict could have arisen from 3 different causes: (1) a change in the aerial 
surveyability, (2) a change in ageing error bias, and/or (3) a change in the natural 
mortality rate. If  this age-structured model is to be used in future assessments and 
forecasts by ADF&G for Norton Sound herring, reasons for the data conflict will need to 
be explored further.
The data conflict in this model was treated by the incorporation o f aerial survey 
calibration parameters. Factors affecting biomass estimates from aerial surveys include 
surveyor bias, changes in herring biomass to school surface area ratios, changes in 
viewing conditions, and/or changes in area covered. Given the high degree o f subjectivity 
and variability involved, we believe the aerial survey data is a likely candidate for 
impropriety.
If  the data conflict arose from changes in ageing error bias, then the bias had to be 
toward younger ages in 1981-1984 and older ages in 1985-1990. The lack of older aged 
fish in the early years o f the age composition datasets suggests an underageing bias.
Given the available information, it is difficult to make any further conjectures regarding 
ageing error bias in Norton Sound herring. The best means o f understanding ageing error 
bias in Norton Sound herring would come from a re-analysis o f the scale samples by 
ADF&G. A change in scale readers could be the simplest cause for any ageing error bias.
Changes in survival rate were explored in the first sensitivity analysis. It appears 
natural mortality and the survey calibration coefficients are confounded. Higher natural 
mortality in the early years seems to explain the data conflict, as indicated by the 
correlation between changing survival rates and the 1981-1984 survey calibration 
parameter (Figure 1.16). However, the lack o f any relationship between survival rate and 
the 1985-1990 survey calibration parameter (Figure 1.16) indicates this does not fully
23
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explain the data conflict. Furthermore, ageing error in the early data could create the 
perception that natural mortality (M) changed. Until ageing error is resolved, the 
conclusion o f a change in M  remains speculative.
Overall, age-structured stock assessment techniques, such as the type presented 
here, are among the best methods available to fisheries managers. This type o f analysis is 
very useful in synthesizing much information and providing estimates that are in line with 
the available data. As shown in this analysis, age-structured techniques can also highlight 
contradictions among data sets. The evaluation o f  the goodness o f fit for this model by 
graphical techniques o f residuals indicated that the model provided a fairly good fit. The 
residuals were randomly distributed and did not show any patterns relating to age, year, or 
year class. The fit o f this model to the data was comparable to previous age-structured 
assessments for Alaska herring stocks (Brannian et al. 1993). We believe this model 
should be used in future Norton Sound herring assessments and forecasts.
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TABLE 1.1. Four estimates o f natural mortality for Norton Sound herring; M = 0. 
(Alverson-Camey method) was selected for use in this study.
Method Estimate o f M
1.5AT, Gulland(1965) 0.44
1.2K, Beverton and Holt (1957) 0.35
Alverson and Carney (1975) 0.16
Pauly (1980) 0.31
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TABLE 1.2. Parameter estimates for Norton Sound herring from the non-pooled age- 
structured model.
29
Initial Cohort Sizes
Parameter
Estimate
Year Age (millions of fish)_________ Year Age
1981 3 73.5133 1981 4
1982 3 127.9579 1981 5
1983 3 58.3050 1981 6
1984 3 98.0477 1981 7
1985 3 119.0715 1981 8
1986 3 65.0653 1981 9
1987 3 63.5074 1981 10
1988 3 15.8540 1981 11
1989 3 39.5981 1981 12
1990 3 3.0684 1981 13
1991 3 117.8595 1981 14
1992 3 0.2907 1981 15
1993 3 0.3414 1981 16
1994 3 0.3142
Gear Vulnerability Function Values 
Gear Years Parameter Estimate
Gillnet 1981-1989 a -6.907
Gillnet 1981-1989 b 1.0412
Gillnet 1990-1995 a -12.302
Gillnet 1990-1995 b 1.5574
Sampling all a -4.5595
Sampling all b 0.6683
Aerial Survey Calibration Coefficients
Coefficient
 Years_________ Value
1981 to 1984 1.9162
1985 to 1990 0.7826
Parameter
Estimate
(millions of fish) 
123.6259 
18.8811 
0.8600 
6.0544 
1.6593 
1.0670 
0.4910 
0.5680 
0.3430 
0.6342 
0.6569 
0.6727 
0.7488
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TABLE 1.3. Parameter and bootstrap standard deviation estimates for Norton Sound 
herring from the pooled age-structured model.
Initial Cohort Sizes
Param eter Param eter
Estimate Estim ate
Year Age (millions of fish) Year Age (millions of fis
1981 3 75.2905 1981 4 134.4280
1982 3 128.6008 1981 5 22.9469
1983 3 55.1008 1981 6 2.4164
1984 3 98.4900 1981 7 8.1430
1985 3 108.1296 1981 8 2.3919
1986 3 41.0858 1981 9 1.7709
1987 3 42.5257 1981 10+ 1.5745
1988 3 12.0766
1989 3 38.7258
1990 3 1.4502
1991 3 113.9561
1992 3 10.7807
1993 3 17.2471
1994 3 27.7576
ear Vulnerability Function Values
Standard
G ear Years Param eter Estimate Deviation
Gillnet 1981-1989 a -6.6600 0.7334
Gillnet 1981-1989 b 1.0140 0.1370
Gillnet 1990-1995 a -15.0118 1.4534
Gillnet 1990-1995 b 1.9373 0.2342
Sampling all a -4.2435 0.5525
Sampling all b 0.6154 0.0886
Aerial Survey Calibration Coefficients
Coefficient Standard
Years Value Deviation
1981 to 1984 1.7064 0.1262
1985 to 1990 0.7395 0.0746
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Figure 1.1. Map of Alaska showing the location o f Norton Sound and Togiak Bay.
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FIGURE 1.2. Yearly (1981-1995) observed beach seine catches of Pacific herring from Norton Sound for 
ages 3 to 16.
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FIGURE 1.3. Yearly (1981-1995) observed gillnet age compositions of Pacific herring from Norton 
Sound forages 3 to 16.
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FIGURE 1.4. Yearly (1981-1995) observed total-run age compositions of Pacific herring firom Norton 
Sound for ages 3 to 16.
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FIGURE 1.7. Aerial survey biomass residuals from the pooled and non-pooled age- 
structured models for Norton Sound herring.
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Norton Sound herring.
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FIGURE 1.12. Gillnet age composition residuals from the pooled age- 
structured model for Norton Sound herring.
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FIGURE 1.13. Total-run age composition residuals from the pooled age- 
structured model for Norton Sound herring.
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Sampling Gear
FIGURE 1.14. Fishing and sampling-gear vulnerabilities estimated 
from the pooled age-structured model for Norton Sound herring.
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Estimated Age Composition
Estimated Age Composition
FIGURE 1.15. Beta distribution fit to Norton Sound herring gillnet (top) and total-run (bottom) age 
compositions.
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FIGURE 1.16. Effects o f changes in aerial survey sums of squares weighting 
on the survey-calibration parameter values in the pooled age-structured 
model for Norton Sound herring.
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FIGURE 1.17. Effects o f changes in aerial survey sums of squares weighting on the 
estimated run biomass in the pooled age-structured model for Norton Sound herring.
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Effect of Changing Survival for Years 1985-1990
Annual Survival
FIGURE 1.18. Effects o f changes in annual survival on the aerial survey 
calibration parameters in the pooled age-structured model for Norton Sound 
herring.
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C hapter 2. A Parametric Bootstrap o f Catch-Age Compositions Using the Dirichlet2 
Distribution
2.1. A bstract
Stock assessment models that incorporate catch or survey age compositions and 
indices o f abundance are commonly used for managing fisheries. Obtaining error 
estimates for estimated parameters in these models can be difficult. Many models 
incorporate a bootstrap procedure for estimating errors. In order to perform a bootstrap 
procedure, age compositions can be modeled by some type o f statistical distribution and 
are often assumed to follow a multinomial process. However, the multinomial 
distribution is based on the assumption that a simple random sample o f ages is taken from 
the catch, which in practice is rarely true and can lead to underestimation of error. In 
some applications, a smaller "effective sample size" is substituted for the actual sample 
size in a subjective maimer. We developed an a posteriori method to model observed age 
compositions with the Dirichlet distribution, using the estimated age compositions from 
the stock assessment model. A parametric bootstrap procedure using the fitted Dirichlet 
distribution provided error estimates for estimated stock assessment parameters. We 
illustrate this technique by application to an age-structured model for Pacific herring 
(Clupea pallasi) from Norton Sound, Alaska. The Dirichlet procedure properly accounted 
for the variation in observed age compositions compared to those estimated by the stock 
assessment model. The effective sample sizes from the Dirichlet procedure were lower 
than the actual sample sizes, suggesting that a comparative multinomial bootstrap 
procedure underestimated the variance.
2.2. Introduction
49
2 An earlier version of this chapter is in press (Williams and Quinn, in press).
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Fisheries managers commonly utilize stock assessment models which 
incorporate catch or survey age compositions and indices or estimates o f abundance 
(Hilbom and Walters 1992, Quinn and Deriso in press). These catch-age or age-structured 
assessment models are among the best techniques for analysis available to fisheries 
managers. To fully interpret the parameter estimates from catch-age analysis, estimates of 
parameter variability are required. Obtaining error estimates o f estimated parameters in 
these models can be awkward and sometimes subjective. Many catch-age models 
incorporate a bootstrap procedure for estimating errors (Quinn and Deriso in press, Efron 
1982, Efron and Tibshirani 1993).
A nonparametric bootstrap procedure, as applied to catch-age analysis, involves 
randomly sampling age composition residuals with replacement and adding them to the 
original estimated values, giving a new set of observed values (Deriso et al. 1985). The 
new observed values are then used to estimate the parameters o f the model resulting in a 
bootstrap replicate. The standard deviation of the bootstrap replicates is an estimate o f the 
standard error o f the estimate (Efron 1982, Efron and Tibshirani 1993). In the case o f age 
composition data, large negative residuals relative to the smallest estimated value results 
in unrealistic negative "observed" values during the bootstrap procedure.
An alternative method of performing a bootstrap o f age composition residuals in 
catch-age analysis which may be more accurate is to fit a parametric model, usually in the 
form o f some type o f statistical distribution, to the observed age compositions. The most 
commonly employed model for age composition data is the multinomial distribution 
(Fournier and Archibald 1982; Kimura 1990). However, incorporating a multinomial 
process into a bootstrap procedure may require manipulation o f the sample size and 
assumes simple random sampling with known sample sizes. Fournier and Archibald 
(1982) and Methot (1986) suggested that there is variability other than that due to 
multinomial sampling alone. For this reason, they suggested the sample size for 
estimating age composition be limited to n = 400, even though the actual sample size is 
often much larger. In order to accurately apply the multinomial sampling distribution to
50
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catch-age analysis, the sample size may be adjusted in an ad hoc fashion so that the 
resulting error matches the expected level o f  variance.
Alternatively, an objective method is to determine the error structure empirically 
by examination of the observed and estimated age compositions. We propose to fit a 
posteriori the Dirichlet distribution to the set o f observed age compositions for 
implementation in a parametric bootstrap procedure for estimation o f standard errors o f 
parameter estimates. We apply this technique and compare it to the multinomial bootstrap 
procedure using an age-structured model for Pacific herring (Clupea pallasi) from Norton 
Sound, Alaska (Williams and Quinn 1998).
2.3. Methods
The Dirichlet distribution is a multivariate statistical distribution for a set of 
random variables that take on values between 0 and 1, and sum to 1 (Evans et al. 1993). 
The beta distribution, a special case o f  the Dirichlet distribution, for a single variable (or 
more precisely, two variables summing to 1), is a flexible statistical distribution with two 
parameters v and w. It is appropriate for modeling proportions, because it takes on values 
between 0 and 1 and its density function can assume many shapes: U-shaped (v = w, v <
1, w < 1), J-shaped (v > or < w), or unimodal (v = w, v >  1, w > 1). The probability density 
function o f the Dirichlet distribution for a set o f k  proportions {0a, a = 1,..., k) utilizes
QO
the gamma function, T(y) = J  exp(-u)uy~'du, and is given by
o
Wv ) * k k
(1) - r ^-d—  f l 0 !0"1»such that =1 and y = ]T y a .
n r ( Ya) »-> 0=1 0=1
a=i
We identify y and {ya,a =  1,..., k-\}  as the parameters o f the distribution and obtain y* by
* - i
subtraction as y k = y -  ^ y  0 . Note that y* is not a free parameter o f the distribution, as a
<1=1
consequence o f the proportions o f the distribution summing to 1.
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Let da., = true proportional age composition at age a in year t, 0'a,f = observed 
proportional age composition from a sample and 0 a, = estimated proportional age
composition from the stock assessment model. Because age composition data are 
available over several years, the Dirichlet distribution is initially parameterized for each 
year t. The observed proportions, 0 are assumed to follow the Dirichlet distribution 
with parameters y, and
52
(2) ya,t = yft a.t, a = 1,..., k-1, where ^ 0 fli< = 1 •
I
k~ \
(For the last age group, y kl = y, - y a t .)
a - 1
The parameters {ya>(} are assumed proportional to {0a>,} in order to connect the data to 
common parameters across years. The variance o f 9a t is given by
var(0'o.,) = ya.,(y,- ya.,)/ [Yr2(Y/ + 1)] = yfia .,ly t(l - 0a./)] / [Y/2(y/ + 0]
“ M l  - 0 a.,)/(Y ,+ l).
Thus, the Dirichlet distribution variance is related to the variance o f proportions, given by 
p(l-p )  / n, with y, = n -  1 and 0a,r =p, where n is the sample size (Zar 1984). Therefore, 
the parameter y, o f the Dirichlet distribution represents an “effective sample size”. 
Intuitively, the yt parameter is inversely related to the amount o f variance in the age 
composition data.
In this application, the sets of observed and estimated age compositions, {0'a.,}
and {Qa l }, are the only information sources available for estimating the variance. The fit
o f the Dirichlet distribution to the age composition data is based on the probability 
density function (1). The observed age compositions, {B'a,t}, from the age-structured 
model are used in a log likelihood function, for k  age groups and j  years, given by
(3) ln i ( f r ,} |{ e ; . ,»  = i ; r i n r ( y , ) - t l n r ( y „ ) + i ; ( y „ - l ) l n ^ ; , )
t~ \ L a=l a= 1 _
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with y a , =y ,0a( from (2). By maximizing (3), estimates of the Dirichlet parameters
* - i
y, and ( y a,, a = 1 , k-1} are obtained. (For the last age group, y k t = y, - ^ y a, .) The
fl=1
larger the discrepancies between the observed and estimated age compositions, the 
smaller y , should be. A possibly more parsimonious model may be warranted in which a 
single effective sample size y/ = y is used.
The parametric bootstrap analysis is performed by using the maximum likelihood 
estimates, {y a ,}, to generate Dirichlet distributed random age compositions. Some
methods o f  generating Dirichlet random age compositions are to use the y a , Dirichlet 
parameters to calculate (1) random gamma variates (using a common scale parameter and 
{y a, } for the shape parameters), (2) beta variates (with parameters {ya l} and {y, -y „,})
or (3) chi-squared variates (with (2y a ,} degrees o f freedom) (Evans et al. 1993). In order
to follow the Dirichlet distribution, the random age compositions must be adjusted to sum 
to one by dividing by the sum of the variates across ages for that year.
The Dirichlet random age compositions are then used in place o f the observed age 
compositions in the model and the parameters re-estimated to produce one bootstrap 
sample. Efron and Tibshirani (1993) suggest a bootstrap sample size o f no less than 1000 
for accurate standard errors and confidence intervals. Figure 2.1 illustrates the algorithm 
for fitting the Dirichlet distribution to age composition data and the procedure for 
bootstrapping the model for error estimates.
The nature of this log-likelihood function does not allow for observed age 
compositions o f 0 or 1 to be used, as seen in the log likelihood equation (3). If not too 
many observed proportions o f zero occur, then essentially they can be ignored in the 
likelihood estimation o f the y/s. Note that if  ya,t = 1, then its likelihood contribution is 
zero; this is one o f the few cases o f the Dirichlet distribution with a nonzero probability 
for 0a = 0. In the bootstrap replications, there is no problem with zeros, because the y a t 's
53
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
are based on estimated proportions {0a, } that are usually nonzero. If  there are quite a 
few zeros, then it might be best to pool ages to eliminate the zeros.
2.4. Application to Pacific Herring
We used an age-structured model for Pacific herring from Norton Sound, Alaska 
developed by Williams and Quinn (1998). This model incorporates catch and total-run 
age composition data and aerial survey estimates o f  abundance for years 1981 to 1996 
and ages 3 to 10+, similar to other age-structured models for Pacific herring (Funk et al. 
1992; Brannian et al. 1993; Yuen et al. 1994). Sample sizes for the gillnet and total run 
age compositions were usually large, ranging from about 400 to over 6000 (Table 2.1). A 
method for determining the variability associated with age-structured model estimates for 
Pacific herring could prove useful for herring management, because no variance estimates 
are currently calculated by the Alaska Department of Fish and Game (F. Funk, Alaska 
Department o f Fish and Game, personal communication).
We fitted two Dirichlet distributions to the observed catch and total-run age- 
composition data: one with constant y for each age composition data set, the other with 
annual yt. Estimates were obtained by maximizing the log likelihood function (3) in an 
Excel spreadsheet (available from the authors), which utilizes a quasi-Newton optimizer. 
Estimates o f y and y, for the gillnet and total run age compositions are given in Table 2.2, 
along with log likelihood statistics. The fit using annual y, parameters for the gillnet data 
set was significantly better than using a constant y (likelihood ratio test: %2 = 38.97, P < 
.001), while the annual y, parameterization for the total run data set was not significantly 
different (x2 = 9.16, P = 0.87). Note that the estimates of y in Table 2.2 are smaller than 
the sample sizes in Table 2.1, showing that effective sample size is smaller than actual 
sample size.
In order to evaluate the annual y, parameterization fits o f  the Dirichlet distribution, 
we calculated the empirical standard deviation for each year in each data set. These values
54
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
are compared to the analytical standard deviation based on the Dirichlet variance 
formulae given above. Figure 2.2 indicates the Dirichlet standard deviation based on the 
computed effective sample sizes is comparable to the empirical standard deviation from 
the age-structured model.
As mentioned earlier, zero-valued observed age compositions cannot be estimated 
by the Dirichlet distribution. For this application there were some unrepresented (zero) 
ages, due to a closed fishery in 1992 and selective fishing pressure on older fish. In the 
bootstrap procedure these values were left at zero. A standard non-parametric bootstrap 
procedure was used for the aerial survey biomass data. A bootstrap sample o f 1000 was 
chosen for this exercise.
For comparison to the Dirichlet distribution bootstrap procedure, a multinomial 
bootstrap procedure was performed with the Norton Sound herring age-structured model 
using the sample sizes in Table 2.1. The objective function o f the Norton Sound herring 
model is a simple combination o f sums of squares, which does not follow a multinomial 
process. The multinomial bootstrap procedure was only intended as a comparison to the 
Dirichlet distribution bootstrap procedure and therefore changing the objective function is 
not warranted.
2.5. Bootstrapping Results
One o f the 1000 bootstrap samples for the annual y, case o f the Dirichlet 
distribution failed to converge by settling on unrealistic, negative valued estimates. This 
failure suggests some evidence o f model instability but is inconsequential to the final 
results, so we ignored this replication. All the bootstrap samples for the constant y case of 
the Dirichlet distribution and for the multinomial distribution appeared to be realistic (no 
zero or negative valued estimates).
From the bootstrap samples the coefficient o f variation (cv, bootstrap standard 
deviation divided by original estimate), a relative measure o f uncertainty, was calculated 
for estimated total biomass (Figure 2.3), pre-fishery abundance estimates for recruitment
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age herring (age 3) (Figure 2.4), and selectivity and catchability parameters in the 
model (Figure 2.5). In general, the multinomial distribution resulted in lower cv estimates 
as compared to the two Dirichlet distribution estimates, suggesting that use of the 
multinomial understates actual variability. The error estimates for the total biomass and 
aerial survey parameters are similar for all three bootstrap procedures, probably because 
these quantities are determined more from aerial survey information than from age 
composition information. The cv’s for the fishery and sampling gear selectivities indicate 
larger cv’s for the two Dirichlet bootstrap procedures, particularly for the sampling gear 
selectivity parameters for the last six years. The recruitment cv’s indicate the difference 
among the three bootstrap procedures increases in more recent years. The annual y, case 
for the Dirichlet bootstrap procedure seems to result in the highest cv’s in the most recent 
years.
2.6. Discussion
The residuals from an age-structured model include both measurement and 
process error. The true sample size in a multinomial distribution bootstrap procedure is 
limited to representing the measurement error in the model under simple random 
sampling and has been suggested to be an inappropriate representation of the true 
estimation error (Fournier and Archibald 1982; Methot 1986). The multinomial bootstrap 
error estimates in this application are useful for comparison to the Dirichlet distribution 
bootstrap error estimates. Since the Dirichlet distribution fit is based on the observed and 
estimated age compositions from the model, the resulting cv’s for most cases were higher 
than those for the multinomial. This result indicates that the Dirichlet distribution is 
capturing variation in the estimates that is unaccounted for by the multinomial 
distribution. Otherwise the estimates o f effective sample size would have been much 
closer to the actual ones. The multivariate logistic model is an alternative approach for 
incorporating greater variability into stock assessment models (Schnute and Richards
1995).
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The annual y, case produced higher cv’s than the constant y case, unexpectedly, 
since the maximum likelihood result in Table 2.2 indicated a better fit for the y, case. The 
reason for this is probably due to the lower effective sample sizes in the last three years 
for the total run data and the last year for the gillnet data for the annual yt case relative to 
the constant y case. Since the nature of age-structured analysis is to track cohorts through 
time, poor fits in the last few years will affect estimates in earlier years. So, even though 
the constant y case involves less parameterization, it resulted in lower cv’s in later years, 
because it smoothed over the high variability in the last years o f  the age-structured model.
Coefficients o f variation for total biomass and the aerial survey catchability 
parameters from the Dirichlet method were much closer to the multinomial estimates as 
compared to the abundance and selectivity parameter estimates. Since the total biomass 
estimates and catchability parameters depend primarily on the aerial survey abundance 
data, the similarity o f cv’s for all three bootstrap methods suggests these portions o f the 
model are relatively unaffected by changes in sample size for the age composition data. 
The similarity o f cv’s is consistent with the aerial survey abundance component in all 
three bootstrap procedures being computed by the same non-parametric procedure. This 
result suggests that the recommendation to limit age composition samples to 400 
observations (Fournier and Archibald 1982; Methot 1986) in order to prevent age 
composition from dominating the likelihood does not have a strong rationale. Indeed, 
since effective sample size can be much smaller than actual sample size, a re-evaluation 
o f sample size requirements in age-structured models is needed.
Overall, the Dirichlet distribution appears to be a statistical distribution which 
allows for fairly easy and objective bootstrap estimates o f error for stock assessment 
models which utilize age composition data. It provides a means to utilize the observed 
variation in the model without having to resort to making unrealistic assumptions about 
the error distribution. An implicit assumption in this approach is that the underlying stock 
assessment model is correct. I f  not, the estimated proportions {0~o, } m aybe biased, 
which would lead to bias in the Dirichlet parameter estimates.
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We also note that this approach is an approximation to a true bootstrap, in 
which the original objective function for age composition would be based on the Dirichlet 
distribution. Equations (1) and (3) for the Dirichlet distribution would then be 
incorporated directly into the objective function o f the stock assessment model. Dirichlet 
parameters would be estimated jointly with the other model parameters, which would 
avoid the necessity of fitting the Dirichlet distribution a posteriori as we did. Further 
study is necessary to determine i f  the additional model complexity presents difficulties in 
estimation, but such an approach would lend greater consistency to the stock assessment. 
We did not do so here because we were looking for a quick and simple procedure to 
generate standard errors after being satisfied with the basic stock assessment results.
Indeed, the major strength o f bootstrap procedures in general is their ability to 
provide measures o f uncertainty for all key variables o f interest in a straightforward 
manner and with a minimum o f assumptions. Our procedure should be generally 
applicable to stock assessment models with observed and estimated proportions.
Finally, the concept o f effective sample size need not invoke the Dirichlet 
distribution. An empirical estimate o f effective sample size can be made from the 
observed and estimated age compositions for a given year and gear type (McAllister and 
Ianelli 1997). If 0 a and 8~a are the observed and estimated age compositions for a given 
year (omitting the time subscript for clarity), then an estimate o f the mean squared error is 
y * (0a -Q aJ  / k .  The average estimated variance of observed proportions from the 
multinomial distribution is y * 6 a(l —Q'a)/(kn), where n is sample size (Alternatively, the 
estimated 0 a 's could be used). By equating these two quantities and solving for n, the
estimated effective sample size is n = 2 ^ 0  a(l - 8 a) / y ^ ^ a ~® aj • A bootstrap
procedure could be performed utilizing these effective n’s across years with the 
multinomial distribution. However, the approach utilizing the Dirichlet distribution is 
more rigorous, and is based on simultaneous analysis o f all the information. The Dirichlet
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approach tends to give lower effective sample sizes, because it explicitly accounts for 
the extra variance due to the use o f observed or estimated proportions.
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Table 2.1. Annual sample sizes for age composition o f Norton Sound, Alaska herring.
62
Year Gillnet Fishery Total Run
1981 1084 4244
1982 637 2163
1983 994 3570
1984 671 2056
1985 1265 3550
1986 927 2981
1987 408 1595
1988 388 1100
1989 622 1593
1990 555 2586
1991 914 3704
1992 0a 1197
1993 1410 3968
1994 789 2626
1995 1645 6159
1996 1372 4231
a No fishery occurred in 1992.
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Table 2.2. Maximum likelihood estimates y and yt for gillnet and total run age 
compositions, along with maximum log likelihood values.
Gillnet Total Run
y 21.57 26.33
7/
1981 7.39 17.11
1982 41.38 17.23
1983 21.52 24.95
1984 22.42 45.24
1985 29.78 25.17
1986 11.66 42.92
1987 22.13 19.93
1988 19.61 18.87
1989 22.12 91.77
1990 34.07 80.41
1991 86.22 20.27
1992 18.71
1993 279.01 54.35
1994 129.28 11.57
1995 150.37 23.74
1996 11.51 20.23
Log
Likelihood
y 118.11 177.42
y, 137.59 182.00
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I Select starting values for y,’s I
9 'a,i = observed age composition from a sample in year t 
6qj = estimated age composition from stock assessment model
Calculate Y„j-yPaj
Maximize the likelihood 
function with respect to the y,’s
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FIGURE 2.1. Flow chart of the methodology for applying the Dirichlet distribution 
bootstrap procedure to an age-structured model with age composition data.
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FIGURE 2.2. Standard deviations from the residuals and annual yt case o f the 
Dirichlet distribution fit of the Norton Sound herring age-structured model.
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FIGURE 2.3. Annual percent error estimates for total biomass from 1000 bootstrap 
samples o f three different procedures for the Norton Sound herring age-structured model.
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Year
FIGURE 2.4. Annual percent error estimates for pre-fishery abundance at age 3, the 
age o f recruitment, from 1000 bootstrap samples o f three different procedures for the 
Norton Sound herring age-structured model.
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FIGURE 2.5. Percent error estimates for gillnet fishery, sampling gear, and aerial 
surveyability parameters from 1000 bootstrap samples o f three different procedures
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C hapter 3. An exploratory analysis o f Pacific herring, Clupea pallasi, population3 
interrelationships in the Bering Sea and Northeast Pacific Ocean.
3.1. Abstract
We examined the similarities in recruitment and average weight-at-age time series 
for Pacific herring (Clupea pallasi) populations from the Bering Sea and Northeast 
Pacific Ocean. Statistical correlation and multivariate clustering methods indicated 
Pacific herring populations form large-scale associations. Large year-class events occur 
synchronously among several Pacific herring populations. Multivariate cluster analyses 
o f recruitment and weight-at-age data indicated that Bering Sea herring populations are 
distinct compared to Northeast Pacific Ocean populations. Within the Northeast Pacific 
Ocean there appears to be three groups o f herring populations: a British Columbia group, 
a Southeast Alaska coastal group, and an outer Gulf o f Alaska group. Jacknife and 
randomization tests indicate these associations are robust and not the result o f random 
chance. Deviations from observed herring population associations were examined for 
indications o f man-induced perturbations. The Prince William Sound herring populations 
did not show any strong deviations corresponding to the oil spill o f 1989. There might 
not yet be enough data since the spill to detect changes in the recruitment or weight-at-age 
data since that time, particularly if oil spill effects were concentrated on the early life 
history stages.
Key Words: Pacific herring, Bering Sea, Northeast Pacific Ocean, multivariate cluster 
analysis, recruitment, year-class strength, weight-at-age.
3.2. Introduction
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3 This chapter is in the format for submission to the journal Fisheries Oceanography.
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Pacific herring, Clupea pallasi, is a commercially and ecologically important 
fish species throughout most o f its range (Hay, 1985). It is found in abundance along the 
shores of Japan and along the Alaskan and Canadian coasts. Populations o f  Bering Sea 
herring are larger, longer-lived, and genetically distinct from Northeast Pacific herring 
(Grant and Utter, 1984; Wespestad, 1991). Bering Sea herring are believed to migrate 
over 1,000 miles to offshore wintering grounds, while Northeast Pacific herring are 
thought to move less than 100 miles from spawning to wintering grounds. Historically, 
Pacific herring have been harvested by man for thousands o f years and their use has 
ranged from basic subsistence to expensive gourmet food (Pete, 1991). Catches o f 
Pacific herring can be relatively large. In the past few years the Alaskan herring harvest 
has averaged 48,000 tons, most of which ends up in the Japanese market (F. Funk, Alaska 
Department of Fish and Game, personal communication).
A thorough understanding o f the recruitment dynamics o f herring is essential to 
determining optimal harvesting strategies (Quinn et al., 1990). The clupeoids are 
notorious for their large population fluctuations, which seem to be the result o f cycles 
possibly driven by density-independent processes (Cushing, 1982). A study o f 59 fish 
population recruitment patterns, including Pacific herring, in the North Pacific Ocean 
indicated that recruitment success is synchronous and strongly influenced by 
environmental conditions (Hollowed et al., 1987). Zebdi and Collie (1995) indicated a 4- 
year cycle in strong year-classes for Alaskan and British Columbia herring populations in 
the Northeast Pacific, which suggested similarities in recruitment among populations 
located within the same oceanographic domains.
Similarities in recruitment time series suggest that populations may be grouped 
into large-scale associations. These associations may be the result o f populations 
responding to similar large-scale environmental influences. Previous studies have 
indicated that Pacific herring recruitment time series are highly correlated and have 
eluded to population associations in the Northeast Pacific Ocean herring populations 
(Zebdi and Collie 1995, Zheng 1996). An analysis o f recruitment associations could 
indicate deviations, possibly caused by local disturbances, natural or man- induced. A
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study o f population associations could include population characteristics in addition to 
recruitment, such as body size, growth, or mortality.
We investigated associations among Pacific herring populations (Figure 3.1) 
through statistical analysis o f recruitment and average weight-at-age time series. Herring 
spawning occurs in aggregations in nearshore areas where their adhesive eggs are 
deposited on subtidal and intertidal rocks and vegetation (Hay, 1985; Hay, 1990). These 
spawning aggregations are the basis for defining herring populations and management 
units (Haegele and Schweigert, 1985; Hourston, 1982). One o f the motivating factors for 
this study is the Prince William Sound oil spill o f 1989. For herring populations in the 
Bering Sea and Northeast Pacific recruitment is defined by the age of first reproduction, 
generally age 3. Results from this study could indicate if  the Prince William Sound 
herring population has responded differently than the rest o f the major Pacific herring 
populations
3.2.1. Data
Time series of Pacific herring recruitment and average weight-at-age were 
assembled from the Bering Sea and Northeast Pacific Ocean. The available herring data 
span seven decades and two fishery types. Reduction fishery data from years 1920-1966 
for catch-age composition and weight-at-age exists for populations in Kodiak, Prince 
William Sound, and Southeast Alaska (Reid, 1971). Modem sac-roe fishery data include 
populations at locations shown in Figure 3.1. Recruitment and spawning biomass 
estimates for all populations except Norton Sound were obtained from age-structured 
analyses performed by the Alaska Department o f  Fish and Game and the Division o f 
Fisheries and Oceans, British Columbia (Funk et al., 1992; Schweigert and Stocker 
1988). Estimates for Norton Sound came from a similar age-structured analysis 
(Williams and Quinn, 1998). Recruitment estimates to be used in this study from the age- 
structured analyses are for age 3 fish for all the populations, except for Togiak, which are 
for age 4 fish.
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Inclusion o f the reduction fishery data was undertaken to extend the time series 
backward in time. To obtain recruitment and spawning biomass estimates for the 
reduction fisheries, the age composition data was analyzed using cohort analysis (Quinn 
and Deriso, 1999). Resulting population abundance estimates were converted to biomass 
using annual weight-age data. Terminal fishing mortality in the cohort analysis was 
estimated as the difference between an estimate o f total mortality from a catch-curve 
analysis and natural mortality from the modem sac-roe fishery. Based on the distribution 
o f catches in the reduction fishery, the Kodiak reduction fishery data were combined with 
the Kamishak Bay sac-roe fishery data, and a series for Southeast Alaska was extended 
using a summation o f Sitka and Craig data (Reid, 1971).
Estimates o f  survival in these age-structured models were used to back-calculate 
older age compositions in the first year back to the time of recruitment, in order to extend 
the time series by a few more years (Table 3.1). In Table 3.1 it is apparent that the 
recruitment estimates obtained from back-calculation only extended the series slightly. 
The final result is 14 time series o f recruitment and weight-at-age data dating back to the 
1920's. However, the short length of the Alaskan herring time series limits some of the 
analyses which can be performed.
Weight-at-age data span ages 3-8 for each herring population and date back to the 
1920's. For the Togiak stock there is no age 3 weight information and for other stocks the 
weight-at-age data for many years is missing or the previous year's data have been 
substituted. For simplification and increase in statistical power, all ages were combined 
into a single matrix o f weight-at-age data for subsequent analyses.
3.3. M ethods
Since the Togiak herring recruitment estimates correspond to age 4 and the other 
populations correspond to age 3, the recruitment data were identified with the year-class. 
An exploratory analysis o f  the data was performed to determine the statistical properties
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o f the data. Based on this analysis it was necessary to transform some o f die data for 
use in later analyses.
Temporal and spatial relationships o f Pacific herring populations were determined 
through correlation and multivariate analyses. Correlation analysis was used to measure 
the association between two random variables. Typically this is measured by the standard 
Pearson sample correlation coefficient. Alternate correlation coefficients include two 
rank-based measures; Kendall's x and Spearman's p (Dowdy and Wearden, 1991; 
Hollander and Wolfe, 1973; Zar, 1984). Generally, the rank-based alternatives are 
preferable in determining significance levels, since they are not as sensitive to outliers 
and non-normality as the standard Pearson estimate. A "robust" correlation measure was 
computed by trimming 10% o f the outlying data and re-computing the correlation 
statistics (Rousseeuw and Leroy, 1987).
Some interrelationships among herring populations could be inferred from 
pairwise correlation analysis, as in Zheng (1996), but a more comprehensive approach is 
the use o f multivariate clustering methods with scaled variables. These methods are used 
with no groups defined a priori and are considered as unsupervised pattern recognition 
techniques (Ripley, 1996). For this study, multivariate clustering analyses were used to 
determine interrelationships o f  herring populations based on their recruitment and weight- 
at-age time series.
Multidimensional scaling (MDS), also known as principal coordinate analysis, is a 
classical multivariate method commonly used for dimension reduction o f multivariate 
data (Venables and Ripley, 1997; Ripley, 1996; Johnson and Wichem, 1992). Both 
metric and non-metric forms o f MDS exist. Metric MDS relies on a distance measure, 
usually one o f the cases of the Minkowski distance measure (Johnson and Wichem,
1992). Metric MDS analysis is a general dimension reduction technique which uses any 
distance or (dis)similarity measure. A special case o f MDS analysis with a Euclidean 
distance measure is principal component analysis. Non-metric MDS relies on a 
monotonic transformation o f the distance measures and is considered to be more robust 
than metric MDS analysis (Venables and Ripley, 1997; Ripley, 1996).
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Interpretation o f  the results from a MDS analysis is accomplished by graphical 
examination o f the first few dimensions for patterns and groupings. Variables which are 
related will be located in close proximity to each other. For this study, the first two 
dimensions from both metric and non-metric MDS with Manhattan, Euclidean, and 
maximum distance measures will be used to determine herring population associations. 
The amount o f variance explained by the dimension reduction in MDS can be measured 
using the eigenvalues obtained from singular value decomposition o f the distance matrix 
(Johnson and Wichem, 1992). This will be used to determine the best MDS analysis 
from the varied choices o f distance measures.
The robustness o f the MDS analyses can further be explored by performing a 
jacknife procedure, where each year is removed and the MDS analysis repeated. The 
relative influence o f each year may be investigated from the change in position of each 
point compared to the original analysis. Years with a large relative influence may be 
marked as suspect outliers and removed from the analysis.
Multidimensional scaling analysis requires some subjective interpretation o f the 
resulting scatter plots. In an attempt to reduce the subjectivity o f clustering analyses such 
as MDS analysis, partitioning methods have been developed which divide variables into a 
pre-assigned number o f  groups (Venables and Ripley, 1997; Ripley, 1996). A classical 
example o f  a partitioning method is the fc-means algorithm (Ripley 1996). Modem robust 
partitioning algorithms have been developed based on ^-medians, also known as k- 
medoids, and fuzzy logic (Kaufman and Rousseeuw, 1990). Both ^-medians and fuzzy k- 
medians will be applied to the Pacific herring data.
A randomization test was used to test the significance o f groupings found in the 
partitioning analyses. The randomization test involves randomly permuting the 
recruitment data for each herring population. This randomized data is then used to re­
compute the partitioning analysis. The results are compared to the original analysis and 
the number o f  times the randomly permuted data groups match the groups found in the 
original analysis is used to determine the level o f  significance (Edgington, 1995).
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Lastly, a divisive hierarchical clustering method was applied to the Pacific 
herring data. The divisive clustering algorithm functions by successively splitting the 
variables into clusters and seems to perform best when only a few clusters are expected in 
the outcome (Ripley, 1996). Pacific herring populations are believed to form large-scale 
associations, making divisive clustering an appropriate technique.
3.4. Results
Throughout this report, the following population abbreviations will be used:
[insert TABLE 3.2 here]
3.4.1. Recruitment Data
Logarithmic transformations o f Pacific herring fishery recruitment and biomass 
data appear to be normally distributed, as indicated by a Kolmogorov-Smimov test o f 
composite normality. One exception is the Kodiak/Kamishak Bay recruitment time series 
that contains one possible outlier, low recruitment in 1972, but this is inconsequential to 
the overall analysis. Since several o f the analyses to be used in this study assume some 
level o f  normality, log transformed data were used.
The typical pattern o f Pacific herring recruitment time series could be described as 
persisting at some moderate level with an occasional large year-class event occurring 
every 4-6 years. A graphical analysis o f the residuals from the mean o f the log 
transformed recruitment time series for each herring population indicates that there is 
some synchronicity in strong year-class events (Figure 3.2). The 4-year cycle described 
by Zebdi and Collie (1995) clearly shows up for PWS, SIT, and SEAK for positive year- 
class deviations in 1976, 1980, 1984, and 1988. Other years with synchronous positive 
year-class deviations among some areas include 1951-52,1959-60, 1977, 1981, 1985, and 
1993 (Figure 3.2). Years with synchronous weak year-classes for most areas include 
1954, 1962-66, 1972-75, 1982-1983, 1986-87, and 1990-92. In some years (e.g. 1976,
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1984,1988) strong year-classes occur in the north and weak year-classes occur in the 
south, followed by a strong year-class in the south the next year (Figure 3.2).
Pairwise correlation estimates indicate many highly significant correlations among 
the herring recruitment time series (Figure 3.3). The populations in Figure 3.3 are 
roughly arranged in order o f their geographic latitude. The trend in the correlation 
matrices indicates that populations close to each other are more likely to be significantly, 
positively correlated with each other, as compared to populations located farther apart, 
which in some cases appear to be negatively correlated. Analysis o f the 10% trimmed 
time series revealed similar correlation patterns as those found in Figure 3.3.
Some groupings can be discerned from Figure 3.3, but it is difficult to clearly 
identify them. The British Columbia populations are correlated with each other. The 
KOD, PWS, SIT, SEY, and SEAK populations appear to be highly correlated, while TOG 
appears unrelated to most other populations (Figure 3.3). Most o f the British Columbia 
population associations appeared to be significant in the trimmed analysis, and KOD, 
PWS, SIT, and SEAK seem to be related as well. Overall, it is difficult to distinguish the 
population associations based on the correlation matrices alone and this is best handled in 
a multivariate analysis setting.
The first two dimensions from the MDS analysis indicated associations similar to 
those suggested by the mean deviations and correlation analyses. The metric and non­
metric MDS analyses indicated very similar groupings and associations for the herring 
populations for several different distance measures. The Manhattan distance measure 
resulted in the best fit, as measured by the amount o f variance explained, in both the 
metric and non-metric MDS analyses.
Based on the MDS analyses, the PWS, SIT, SEAK, and KOD populations appear 
tightly clustered together and generally separated from the remaining populations. The 
four lower latitude British Columbian populations (QCI, CC, VCI, SOG) appear to form a 
distinct grouping as shown in Figure 3.4. Another probable group appears to be formed 
by the SEY, CRG, and KAH populations (Figure 3.4). The PR population appears to be 
an isolate, but is consistently positioned between the British Columbia group and the
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SEY, CRG, and KAH group (Figure 3.4). The positioning o f the Bering Sea 
populations (NOR, TOG) appeared to vary with each different distance measure and each 
type o f MDS analysis. The TOG population consistently appeared to be far removed 
from the remaining populations, while the NOR population appeared randomly 
positioned, implicating these populations as possible outliers in the analysis.
Since the Bering Sea populations are suspect outliers and because they are 
geographically isolated from the remaining Northeast Pacific herring populations, the 
MDS analysis was repeated with the Bering Sea populations removed. Again, the percent 
o f  variance explained for the different distance measures indicated that the Manhattan 
distance measure was best. The metric MDS analysis o f the Northeast Pacific 
populations indicated identical groupings to those found with the inclusion o f the Bering 
Sea populations, no matter which distance measure was used. The percent o f variance 
explained (61.5%) and the stress measurements indicated these are slightly better 
descriptions o f the data compared to those which included the Bering Sea populations. 
Therefore, all further analyses exclude Bering Sea data.
The jacknife analysis o f the NE Pacific herring populations for each year o f data 
indicates the period from 1971 to 1977 was more influential than other years (Figure 3.5). 
The period 1925 to 1947 seems to have little effect on the MDS analysis. This is a direct 
result o f missing data for many of the herring populations during that time period.
The silhouette plot (Figure 3.6) is used to describe the results from partitioning 
analyses. These plots separate similar variables into the number o f partitions specified. 
The strength o f membership within each group is identified by the width measurement 
and indicated in the plots by a horizontal bar. The best choice for the number of 
partitions can usually be determined by the partitioning which results in the highest 
average width measurement. A negative width measurement indicates poor association.
The ^ -medians and fuzzy ^ -medians were used to compute silhouette plots for 
partitions, k, o f 3 to 6 groups. Since the MDS analysis indicated the Bering Sea 
populations are not associated with any of the other herring populations, the partitioning 
analysis was performed without the Bering Sea data. Euclidean, Manhattan, and
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maximum distance measures all revealed identical results, confirming the robustness 
o f  these techniques. In fuzzy partitioning, specifying the number o f groups does not 
always yield that number o f groups in the results, due to the nature o f fuzzy logic, which 
assigns a probability o f  membership to each group and allows for ambiguity in group 
assignment (Kaufman and Rousseeuw, 1990). The best choice for the number o f 
partitions, based on the average width, was k  = 4  groups for the fuzzy fc-medians 
partitioning method; which resulted in 3 groups appearing in the silhouette plot (Figure 
3.6). The grouping structure in Figure 3.6 is very similar to the groupings suggested in 
the MDS analyses, the difference being the association o f the PR population with SEY, 
CRG, and KAH. A randomization test o f  significance was performed for the fuzzy 
partitioning analysis with k  = 4  groups selected. For 10,000 random permutations, not 
one time did the partitioning structure match that found in the above analysis, suggesting 
that the associations found were not due to chance.
The divisive hierarchical analysis, like the partitioning analyses, was robust to 
different distance measures. The result is plotted as a dendrogram and it confirms the 
pattern o f the population associations indicated above (Figure 3.7). The first two 
branches in the dendrogram result in groupings which agree with the MDS and 
partitioning analyses in Figures 3.4 and 3.6, respectively.
The dendrogram in Figure 3.7 allows some insight into the relationships o f the 
populations within each o f the groupings. In the group containing KOD, PWS, SIT and 
SEAK, it seems that KOD is more closely related to PWS than it is to SIT and SEAK, 
which appear closely associated. In the SEY, KAH, CRG, PR group it appears the SEY 
and KAH populations form a closely associated pair as well as the CRG and PR 
populations (Figure 3.7). The lower latitude British Columbia populations form a 
relational pattern which corresponds to their latitudinal positioning.
The jacknife analysis o f the MDS results for the NE Pacific herring populations 
suggested some years may be more influential compared to others (Figure 3.5). In order 
to test if  the multivariate analyses are being influenced by the 1971 -77 time periods and 
earlier data, the MDS analysis and divisive hierarchical analysis were repeated for the
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most recent years, 1978-93. This period was chosen because o f the hypothesized 
regime shift in the mid-1970’s. Figures 3.8 and 3.9 indicate some change in the 
relationships o f the herring populations in recent years. The KOD population does not 
appear to be as closely related to the PWS, SIT, SEAK group (Figure 3.8). Also, the 
lower latitude British Columbia populations do not appear as closely related to each other 
compared to Figure 3.4, but remain separated from the remaining populations. These 
observations are confirmed in the dendrogram shown in Figure 3.9. In this tree the KOD 
population appears on a separate branch, but the remaining structure is very similar to the 
dendrogram shown in Figure 3.7.
3.4.2. Weight-at-age Data
Since the magnitude o f herring weight-at-age information is fairly similar for each 
population, the unsealed data were used for the multivariate analysis. The MDS analysis 
o f the unsealed weight-at-age data with all ages combined shows two apparent groups and 
three isolates (Figure 3.10). In this figure, nearly 90% of the variance is explained by the 
first two dimensions o f the MDS analysis. As in the recruitment analyses, the Bering Sea 
populations appear to be different from the Northeast Pacific herring populations. Within 
the Northeast Pacific, the KOD population appears to be different from the remaining 
populations, which seem to be separated into the closely associated PWS, SIT, SEAK, 
CRG, SEY group and the British Columbia, KAH group (Figure 3.10).
A divisive hierarchical analysis indicated similar groupings as those revealed by 
the MDS analysis. In Figure 3.11 the Bering Sea herring populations are separated from 
the Northeast Pacific at the first branching. The Northeast Pacific herring populations 
appear to be branched into the KOD population, the British Columbia populations, and 
the Southeast Alaska populations plus PWS (Figure 3.11).
3.5. Discussion
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The graphical analysis in Figure 3.2 clearly indicates that when strong year- 
classes occur, they occur for several populations, suggesting a  large-scale phenomenon. 
The occurrence o f a strong 1988 year-class seems to be a phenomenon shared by 
populations from Norton Sound to Prince Rupert, suggesting a veiy large-scale control. 
Similarly, many o f the northern Pacific Ocean populations in 1984 had positive 
recruitment. However, other strong year-classes erupt on a smaller scale, such as the 
1976 year-class, which was strong for PWS, SIT, and SEAK only. The pattern o f these 
year-class eruptions indicates some separation into Alaskan events and British Columbia 
events, but there are several cases o f overlap between the two as well. This seems to 
indicate that herring populations are responding sporadically to large-scale controls which 
themselves are irregular in geographic range.
It is apparent from the analyses o f this study that Pacific herring population 
fluctuations, as measured by recruitment, are synchronous among certain groups. The 
best descriptions o f  the groupings o f herring populations are those indicated by the MDS 
plot in Figure 3.4 and within the Northeast Pacific, the hierarchical dendrogram in Figure
3.7. The Pacific herring populations in this study appear to be separated into the Bering 
Sea and the Northeast Pacific populations. Within the Northeast Pacific there appears to 
be three or four groups. The PWS, SIT, and SEAK populations are closely related and 
may be related to the KOD population depending on the time frame used in the analysis. 
The remaining herring populations seem to fall into two groups, the SEY, KAH, CRG,
PR group and the lower latitude British Columbia group. The question is: Do these 
groupings make sense?
The groupings o f Pacific herring populations suggested by multivariate analyses 
appear to follow the geographic location of the herring populations but not exactly 
(Figure 3.1). The lower latitude British Columbia populations all seem to be related to 
each other and are geographically close. The PR population in British Columbia appears 
to be related to the SEY, CRG, and KAH populations in Alaska, yet separate from the 
KOD, PWS, SIT, SEAK group, with which it shares some latitudinal overlap (Figure 
3.1). The difference between the lower latitude British Columbia populations and
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neighboring populations may be explained by the Alaska current, which separates 
British Columbia waters from Southeast Alaskan waters (Zebdi and Collie 1995, Zheng
1996).
The KOD, PWS, SIT, and SEAK group are not geographically close, but are all 
located on outside waters. There may be a difference in Alaskan herring populations 
based on whether their spawning grounds are inside protected islands or more exposed to 
the Gulf o f Alaska. Zheng (1996) suggested this same hypothesis, based on his 
correlation analysis. The inside herring populations in the Gulf o f Alaska include SEY, 
KAH, CRG, and PR which were grouped together in the multivariate analyses. The 
outside populations would include KOD, PWS, SIT, and SEAK. The analysis o f the most 
recent recruitment data, year-classes 1978-1993, suggests the KOD population maybe 
changing its relationship to the PWS, SIT, SEAK group. However, the other groupings 
appear to hold together in this analysis, indicating that these group descriptions are robust 
(Figures 3.8 and 3.9).
The weight-at-age analysis suggests similar groupings as from the recruitment 
analysis. This multivariate analysis o f  the Pacific herring weight-at-age data was 
performed using the unsealed data. Therefore, the magnitude o f the data, in this case the 
size o f  herring, will affect the relationships. In the MDS plots the first dimension 
corresponds to the size o f herring (Figure 3.10). These plots indicate the Bering Sea 
populations are different from the Northeast Pacific stocks, a direct result o f the large size 
difference between Bering Sea herring and Northeast Pacific herring. The KOD herring 
are fairly large in size and are therefore differentiated from the other Northeast Pacific 
populations. The rest o f the Northeast Pacific herring are relatively similar in size and 
appear to separated into a northern and southern group. Membership o f these groups is 
not agreed upon in the MDS and hierarchical analyses (Figures 3.10 and 3.11). The MDS 
analysis indicates the KAH population is more closely associated with the British 
Columbia populations, while the hierarchical analysis places this population with the 
Alaskan populations.
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Both the weight-at-age and recruitment data analyses seem to indicate that 
there is a close relationship within the NE Pacific Ocean herring populations. These 
analyses agree in that there is a difference between the lower latitude British Columbia 
populations and the northerly Southeast Alaska herring populations. It is not clear exactly 
where the dividing line occurs between the northerly and southerly NE Pacific Ocean 
herring populations, but it seems to be in the general vicinity o f  the KAH and PR 
populations (Figure 3.1). Zheng (1996) suggested very little difference between PR and 
the remaining British Columbia herring populations. Within each of these groups there 
appears to be close relationships as indicated by shared strong year-classes and 
correlation analyses (Figures 3.2 and 3.3).
As mentioned in the introduction, one o f the motivating factors for this study was 
to determine if  the PWS herring population stood out as different from surrounding 
herring populations. The close relationship o f PWS to SIT recruitment data and other 
populations’ weight-at-age data suggests no abnormal pattern can be detected with the 
PWS population. The analysis o f the 1978-93 recruitment data indicates the PWS-SIT 
relationship is robust and persists in the most recent years. Figure 3.10 indicates a close 
relationship between PWS and several Southeastern Alaska herring populations. The 
Exxon Valdez oil spill occurred in 1989, and there might not yet be enough data since the 
spill to detect changes in the recruitment or weight-at-age data since that time, 
particularly if  oil spill effects were concentrated on the early life history stages.
Perhaps a closer look at the correlation between PWS and SIT in recent years 
might reveal deviations from the relationship which correspond to the 1989 oil spill. 
Figure 3.12 shows a scatter plot o f the relationship between these populations with the 
year-classes labeled. The plot suggests that the years from 1989-93 are well within the 
normal pattern o f the relationship. If there is any deviation from this relationship, it 
occurred in 1991 in which the PWS recruitment was lower than the SIT recruitment. 
However, 1991 appears to have been a weak year-class for all Pacific herring populations 
in the Bering Sea and NE Pacific Ocean (Figure 3.2). The last three year-classes for PWS 
might suggest a deviation from the relationship with SIT, but there is not enough data to
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truly indicate changes in the PWS population recruitment time series which are not 
within the normal range for herring population fluctuations.
The weight-at-age analysis indicates PWS herring do not differ from other 
Alaskan herring populations. A closer look at the mean standardized residuals for ages 3­
7 reveals that PWS herring did experience a decrease in weight-at-age, particularly for the 
1987 year-class. However, the decreased weight-at-age for PWS in 1987 appears to be 
part o f  an overall decrease in weight-at-age for most o f the Eastern Pacific herring 
populations during that same time period (Figure 3.13). This decrease in weight-at-age 
appears to be followed by a sharp increase, possibly the result of a density dependent 
response. Overall, it does not appear that PWS herring weight-at-age patterns are any 
different from other Pacific herring populations.
The correlation and multivariate analyses o f Pacific herring data in this study 
indicate there are close relationships among herring populations. These relationships 
suggest herring may form distinct associations, possibly as the result o f large scale 
oceanographic influences. We are conducting further research on the association o f 
herring populations to oceanographic features. This additional research may reveal the 
mechanisms which are responsible for the apparent associations found in this study, 
thereby allowing for better management and possibly prediction of herring population 
levels.
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TABLE 3.1. Pacific hening recruitment estimates from age-structured models in motions o f  fish.
Year
Clast Somd Tofak
Kodak/
Kmmttk PWS * £ 7 Sida So-*— Cm*
K*- 
Sh* 0 Rtean
Own
Ctafane
Ccant
Cota
Vtnooawt
iited
S««*ef
Georta
1917 7.6
1918 45.2
1919 18.5
1920 39.8
1921 55.2
1922 171.3
1923 238.2
1924 164.0
1925 83.0 122.4 2080.1
1926 234.7 301.3 907.9
1927 124.3 209.5 2953
1928 97.8 247.1 856.0
1929 115.5 189.0 265.6
1930 1368.8 1337.8 2124.8
1931 140.8 115.7 1713
1932 75.4 103.5 1603
1933 85.6 82.8 218.6
1934 366.2 9082 581.1
1935 1084.6 782.2 166.8
1936 103.9 1453 453
1937 88.1 194.1 24.3
1938 627.6 2193 76.8
1939 1050.0 31.1 2833
1940 658.3 131.2 191.8
1941 381.7 220.0 535.7
1942 237.0 1253 224.9
1943 532.3 461.6 869.2
1944 101.1 103.5 1536
1945 69.9 1123 149.4
1946 363.8 64.2 3053
1947 18.3 155.3 150.6
1948 5.9 20.2 79.9 6103 186.1 304.5 214.4 869.3
1949 8.4 17.7 1023 3193 198.7 116.6 172.7 1029
1950 67.0 202.1 211.2 327.4 275.8 1518 249.4 1172.3
1951 29.2 22.1 923 770.5 1346.2 955 426.3 2112
1952 588.9 427.6 1717.9 224.1 164.7 1012 240.6 1286.3
1953 14.3 9.4 112.9 6033 215.4 117.9 322 732.8
1954 4.7 21.9 717 188.8 67.7 230.5 419 666.2
1955 10.2 38.2 73.1 338.8 93.1 375.2 515.8 580.6
1956 30.0 6023 696.2 149.9 450.1 689.9 1528
1957 1009.7 227.3 75.4 107.2 453.4 1001.8
1958 94.0 1197.1 239.9 213.2 221.4 523.7
1959 70.0 604.8 290.5 603.1 518.8 1207.4
1960 87.3 349.7 552 305.1 275.8 1142.4
1961 23.0 929.4 113.4 284.6 381.9 1041
1962 16.4 128.9 303.2 105.1 101.8 530.9
1963 117.9 19.2 20 136.8 92.6 237.6
1964 442.1 442.1 519 15 119-2 165.8 225.1
1965 54.2 54.2 53.7 19.7 24.3 4.3 68.3
1966 27.5 27.5 91.8 42.9 27.1 63.2 99
1967 13.8 197.3 183.5 487.9 119.5 134.8 333.6 319.2
1968 94.9 1310 37.1 360.3 270.9 115.4 687.2 367.9
1969 4.2 126.8 147.9 161.0 13.1 429.1 164.8 234 143 516.7 288.6
1970 12.9 353.9 48.1 267 69.2 42.6 100.4 323.8 641.5 244 631.8 453.6
1971 0.9 130.3 44.1 134.0 151.6 17.6 1263 307.1 516 160.5 676.9 700.5
1972 4.7 80.6 0.6 116.7 6 0 22.3 33.2 10.9 32.1 135.7 458.5 213.4 1131.1 945.2
1973 5.4 238.5 7.1 110.3 6 92.0 98.2 6.2 5.8 79.2 119.8 103 471.6 652.8
1974 15.7 265.8 42.2 81.8 8.9 40.1 44.6 43 46.2 151.6 156.2 51.3 287.9 1116.9
1975 4.0 18.5 200.5 146.4 7.2 173.7 176.2 23 28.5 76.7 175.4 58 458.1 883.3
1976 32.4 86.3 214.8 889.6 13.1 921.9 932.5 10.6 41.3 74.2 98.6 39.6 131.8 478.2
1977 160.8 1475.0 355.5 172.3 99.8 208.7 618.8 410.1 385.7 736.4 1938.5 404.5 288.6 660
1978 76.3 1444.1 201.2 983 29.8 28.1 83.5 55.4 86 165.8 140.7 78.4 206.1 502.5
1979 128.0 605.3 207.9 107.1 21.4 116.1 270.1 154.0 88.6 204.3 57.3 84.5 108.3 401.1
1980 54.9 180.8 134.3 369.5 613 821.0 883.1 62.1 80.7 228.1 62 37.4 74.7 316.9
1981 99.6 344.8 167.6 292 109.4 305.0 426.3 1213 147.9 670.3 418.9 31.7 143.2 279.6
1982 109.5 83.7 36.0 86.6 67.1 62.4 89.6 27.2 54 133.8 186.2 122.8 307.2 451.4
1983 39.7 280.5 186.4 94.8 51.1 245.4 2893 44.1 417 130.8 42.9 51.5 298.4 689
1984 44.6 217.9 303.8 1267.1 423 1550.0 2611.7 1061.7 110 509.1 88.9 98.1 121 391.9
1985 7.0 33.0 67.1 138.7 23.9 170.7 6543 483.6 55.9 440.8 631.3 588.8 724.7 1219.3
1986 26.7 42.9 45.7 41.7 32.3 11.1 160.8 149.7 418 276.3 242.9 41.9 125.9 368.2
1987 4.6 476.3 93.3 61.9 19.8 49.9 112.1 612 33.4 150.9 84.3 37.3 158.6 882.6
1988 118.4 287.0 3793 1229.9 82.9 1573.6 1818.1 244.5 173.5 717.8 54 123.9 93 422.4
1989 34.8 91.1 34.1 76.6 41.2 833 195.0 111.5 93.5 824.3 261.5 636 309.7 1056.8
1990 42.4 78.8 27.6 51.7 17.7 333 114.6 81.3 55.7 241.4 21.2 80.5 169.9 732.9
1991 62.6 180.8 7.6 13.9 3.9 62.4 85.2 218 31.9 109.1 118 151.7 124.8 734.4
1992 13.8 199.4 2.8 145.6 39.4 415.9 5303 114.3 67.4 315.7 49.8 34.5 57.8 357.8
1993 65.1 150.9 207.6 146.3 694.1 977.8 283.7 144.7 1875.7 260.1 97.1 70.6 857.8
Footnote: Italics refen to back-calculated estimates.
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TABLE 3.2. Population abbreviations for Pacific herring populations in this report.
NOR Norton Sound CRG Craig
TOG Togiak KAH Kah-Shakes
KOD Kodiak/Kamishak Bay PR Prince Rupert
PWS Prince William Sound QCI Queen Charlotte Islands
SEY Seymour Canal CC Central Coast
SIT Sitka VCI W. Vancouver Island
SEAK Southeast SOG Strait o f Georgia
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FIGURE 3.1. Map of Alaska and British Columbia p a s ts  showing the location o f major Pacific 
herring, Clupea pallasi, populations.
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FIGURE 3.2. Bubble plot o f  log transformed Pacific herring recruitment deviations 
from the mean (black is positive, clear is negative). The area o f  the circle is relative 
to the magnitude o f  the deviation.
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NOR TOG KOD PWS SEY SIT SEA CRG KAH PR QCI CC VCI SOG
Norton Sound 
Togiak
Kodiak/Kamishak 
Prince William Sound 
Seymour Canal 
Sitka 
Southeast 
Craig
Kah-Shakes 
Prince Rupert 
Qneen Charlotte Isl.
Central Coast 
Vancouver Island 
Strait of Georgia
FIGURE 3.3. Correlation estimates (lower triangle) and p-values (upper triangle) for 
tog transformed Pacific herring recruitment estimates using Kendall's Tau correlation 
measure. Darker shade indicates p-values <.01 and lighter shade indicates p-values 
<.05.
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FIGURE 3.4. Scatter plot o f  first two dimensions from a metric multidimensional 
scaling analysis o f  Bering Sea and Northeast Pacific herring recruitment estimates.
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FIGURE 3.5. Percent influence o f  each year ofNortheast Pacific herring recruitment 
data from a jacknife analysis o f  the first two dimensions from multidimensional 
scaling.
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FIGURE 3.6. Silhouette plot ofresults from fuzzy ^-medians partitioning analysis 
with k  = 4 partitions for Northeast Pacific herring recruitment estimates.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
95
FIGURE 3.7. Dendrogram from divisive hierarchical analysis o f  Northeast Pacific 
herring recruitment estimates.
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FIGURE 3.8. Scatter plot o f  first two dimensions from a metric multidimensional 
scaling analysis o f  Northeast Pacific herring recruitment estimates corresponding to 
the 1978-93 year-classes.
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FIGURE 3.9. Dendrogram from divisive hierarchical analysis o f  Northeast Pacific 
herring recruitment estimates corresponding to the 1978-93 year-classes.
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FIGURE 3.10. Scatter plot o f first two dimensions from a metric multidimensional 
scaling analysis o f  Pacific herring weight-at-age data for ages 3-8 from the Bering Sea 
and Northeast Pacific. .
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FIGURE 3.11. Dendrogram from divisive hierarchical analysis o f  Pacific herring 
weight-at-age data for ages 3-8 from the Bering Sea and Northeast Pacific.
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FIGURE 3.12. Scatter plot and correlation estimate ofPW S and SIT herring 
recruitment estimates for the 1978-93 year-classes.
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FIGURE 3.13. Lowess smoothed plots of mean standardized residuals of Pacific herring weight-at 
age data for ages 3-7. Data has been lagged to correspond to year-classes.
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C hapter 4. Pacific herring, Clupea pallasi, recruitment: relations to environmental 
variables and forecasting models.
4.1. Abstract
Previous studies have shown that Pacific herring populations in the Bering Sea 
and Northeast Pacific Ocean can be grouped into associations based on similar 
recruitment time series. The scale o f these associations is suggestive o f large-scale 
influence on recruitment fluctuations from the environment. Recruitment time series 
from 14 populations were analyzed to determine links to various environmental variables 
and to develop recruitment forecasting models using a Ricker type environmentally 
dependent spawner-recruit model. The environmental variables used for this 
investigation included monthly time series o f the following: southern oscillation index, 
North Pacific pressure index, sea surface temperatures, air temperatures, coastal 
upwelling indices, Bering Sea wind, Bering Sea ice cover, and Bering Sea bottom 
temperatures. Exploratory correlation analysis was used for focusing the time period to 
examine for each environmental variable. Candidate models for forecasting herring 
recruitment were selected by the Akaike Information Criterion, jacknife prediction error, 
and recent prediction error. Results indicated that forecasting models using air and sea 
surface temperature data lagged to the year of spawning generally produced the best 
forecasting models. Use o f multiple environmental variable forecasting models did not 
appear much better than single environmental variable forecasting models.
4.2. Introduction
Pacific herring, Clupea pallasi, is a wide-ranging species with a long history of 
exploitation. This member o f the clupeoids is commonly found along the eastern coast of 
the Bering Sea and Northeast Pacific Ocean (Figure 1). Herring populations and/or 
management units are typically defined by spawning aggregations formed by spring time
102
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returning fish from wintering grounds (Hay 1985). Generally the age o f first spawning 
for Pacific herring in the Bering Sea and Northeast Pacific Ocean is at age 3. The 
abundance o f age 3 Pacific herring is the measure usually used for Pacific herring 
recruitment estimates.
An understanding o f  the recruitment dynamics o f Pacific herring is essential to 
determining optimal harvesting strategies (Quinn et al. 1990). Density-dependent 
spawner-recruit relationships for many Pacific herring populations seem inadequate for 
explaining the changes in year class strength. For many herring stocks the method for 
forecasting Pacific herring recruitment is to simply use the historical median recruitment 
(F. Funk, Alaska Department o f Fish and Game; Schweigert andNoakes 1991).
However, the clupeoids are notorious for their large population fluctuations, which seem 
to be the result o f cycles possibly driven by density-independent processes (Cushing 
1982). Development o f forecasting models including spawning biomass and the 
environment should be an improvement.
Density-independent influences o f  Pacific herring recruitment have been studied 
in a few British Columbia and Alaska populations for the purposes o f improving 
recruitment forecasting. Several British Columbia herring recruitment time series have 
been found to be influenced by local environmental conditions including: sea surface 
temperature, sea surface salinity, river discharge, Ekman transport, and sea level (Stocker 
et al. 1985; Stocker and Noakes 1988; Schweigert and Noakes 1991; Beamish et al.
1994; Schweigert 1995). Only a couple o f the Alaska herring populations have been 
analyzed for associations between recruitment and the environment (Wespestad 1991; 
Zebdi and Collie 1995). Bering Sea herring recruitment appears to be correlated with 
wind driven transport and sea surface temperatures (Wespestad 1991). Sitka Sound 
herring population fluctuations were found to be correlated with sea surface temperature 
and an index o f upwelling (Zebdi and Collie 1995). Some o f the recruitment forecasting 
models developed for Pacific herring have not lasted the test o f time or occasionally 
contradict each other with respect to the nature o f the relationship (Schweigert 1995).
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One factor generally agreed upon in these studies o f Pacific herring recruitment is the 
relationship o f recruitment to temperature.
Many o f the studies linking Pacific herring recruitment to the environment tend to 
focus on coastal variables corresponding to sites close to herring spawning grounds. This 
effectively makes the assumption that the environmental influence on recruitment occurs 
during the spawning and early life history stages o f herring, which is the most commonly 
held belief for fisheries in general (Hjort 1914; Cushing 1975,1990; lies and Sinclair 
1982; Wooster and Bailey 1989). Recent studies have pointed toward similarities in 
recruitment patterns for Pacific herring, leading to the possibility that herring may be 
responding to more large scale influences (Schweigert 1995; Zebdi and Collie 1995).
A study of several fish stock recruitment patterns, including Pacific herring, 
indicated that recruitment success may be synchronous across large areas o f the Northeast 
Pacific Ocean (Hollowed et al. 1987; Hollowed and Wooster 1995). A more detailed 
multivariate analysis o f the recruitment patterns o f Pacific herring in the Bering Sea and 
Northeast Pacific Ocean confirms the existence o f  large-scale associations o f herring 
populations with highly correlated recruitment time series (Chapter 3, Williams and 
Quinn in preparation, Zebdi and Collie 1995, Zheng 1996). The geographic range o f the 
herring population associations is suggestive o f large-scale environmental influences 
(Chapter 3, Williams and Quinn in preparation).
Pacific herring associations appear to follow the location o f oceanographic 
domains suggested by Ware and McFarlane (1989) (Chapter 3, Williams and Quinn in 
preparation). The oceanographic domains are delineated by the location o f ocean 
currents and differences in sea surface temperatures (Ware and McFarlane 1989). It 
appears that the major Pacific herring populations in the Northeast Pacific Ocean and the 
Bering Sea can be grouped into the associations shown in Table 4.1 (Chapter 3, Williams 
and Quinn in preparation).
The purpose o f this paper is to analyze recruitment time series for 14 herring 
populations from the Bering Sea and Northeast Pacific Ocean to determine important 
correlations with large-scale and local environmental variables (Figure 4.1).
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Environmentally dependent Ricker type, spawner-recruit models were used to model 
and forecast Pacific herring recruitment. In order to avoid potential spurious correlations, 
an exploratory correlation analysis o f recruitment time series was applied in order to 
indicate overall patterns in the relationships between the environment and Pacific herring. 
Patterns in the correlation analysis were used to focus the time period of the 
environmental data to be used in the spawner-recruit modeling (Walters and Collie 1988). 
The selective process used for determining environmental variables should result in more 
"robust" forecasting models o f  Pacific herring recruitment.
4.2.1. Data
Time series o f Pacific herring recruitment and spawning biomass were assembled 
from the Bering Sea, Gulf o f Alaska, and eastern Pacific Ocean. The available herring 
data span seven decades and two fishery types. Reduction fishery data for catch-age 
composition and weight-at-age exist for stocks in Kodiak, Prince William Sound, and 
Southeast Alaska for years 1920-1966 (Reid 1971). Around 1970 the modem sac-roe 
fisheries started and continue to this day. Recruitment and spawning biomass estimates 
for selected stocks are available from age-structured analyses performed by the Alaska 
Department o f Fish and Game, the Division o f Fisheries and Oceans, British Columbia, 
and the authors (Funk et al. 1992; Schweigert and Stocker 1988, Williams and Quinn 
1998).
To obtain recruitment and spawning biomass estimates for the reduction fisheries, 
the age composition data was analyzed using cohort analysis (Chapter 3, Williams and 
Quinn in preparation, Quinn and Deriso in press). Resulting population abundance 
estimates were converted to biomass using annual weight-age data. Terminal fishing 
mortality was estimated using catch curve analysis to estimate total mortality, which 
allowed for the estimation of fishing mortality using the estimate o f natural mortality 
from the modem sac-roe fishery.
105
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Inclusion of the reduction fishery data extends the time series backward in 
time. Based on the distribution o f catches in the reduction fishery it was assumed that the 
Kodiak reduction fishery data could be combined with the Kamishak Bay sac-roe fishery 
data, and that Southeast Alaska could be extended using a summation o f Sitka and Craig 
data (Reid 1971). Recruitment estimates used in this study from the age-structured 
analyses are for age 3 fish for all the stocks, except for Togiak, which are for age 4 fish. 
Estimates o f survival in these age-structured models were used to back-calculate older 
age compositions in the first year, in order to extend the time series of recruitment 
estimates by a few more years.
The typical pattern o f Pacific herring recruitment time series is highly variable 
with large year class events occurring at occasionally regular intervals o f between 3-9 
years. The large year class events can dominate the recruitment time series with the ratio 
o f  the largest year class to the weakest being as high as 429 (Zheng 1996). The 
dominance o f large year classes in herring recruitment time series suggests environmental 
influences are more likely to occur on an annual scale. This is contradictory to recent 
studies which indicate biological variables exhibit more correlation with physical 
variables at the decadal scale (Francis et al. 1998, Hare and Francis 1995, Francis and 
Hare 1994). However, these analyses have primarily focused on salmon and groundfish 
populations and rarely, i f  ever, are Pacific herring implicated in the hypothesized "regime 
shift" o f the North Pacific.
Monthly environmental time series for air temperature, sea surface temperature, 
North Pacific atmospheric pressure (a measure of the Aleutian low pressure system), 
southern oscillation (negative values are associated with El-Nino - Southern Oscillation 
events), and coastal upwelling were collected for analysis with the Pacific herring 
recruitment time series. Additional data specific to the Bering Sea included monthly ice 
cover, monthly wind anomalies, and annual bottom temperatures (Niebauer 1988;
Niebauer and Day 1989, Quinn and Niebauer 1995). A recent interdecadal climate index 
for the North Pacific has been developed based on eigen-analysis o f sea surface 
temperatures (Mantua et al. 1997). Since this index has been shown to be closely
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associated with both the North Pacific pressure and southern oscillation indices, and 
the sea surface temperatures used for its calculation are the same ones in this study, it will 
not be used in this analysis.
Air temperatures were obtained from the Global Historical Climate Network 
database for various coastal cities corresponding to the location o f herring spawning sites. 
Sea surface temperatures were collected from the Comprehensive Ocean-Atmosphere 
Data Set (COADS) (Woodruff et al. 1987). The COADS data consists o f a 2° latitude by 
2° longitude grid o f averaged ship observations o f  sea surface temperatures. The North 
Pacific atmospheric pressure index, southern oscillation index, Bering Sea ice cover, and 
Bering Sea wind data were obtained from H. J. Niebauer (Niebauer 1988, Niebauer and 
Day 1989, Quinn and Niebauer 1995). The Bering Sea bottom temperatures are from an 
annual survey performed aboard the R V  Oshoro Maru (Ohtani and Azumaya 1995). The 
coastal upwelling data series was obtained from the Pacific Fisheries Environmental 
Group (Internet Address: http://upwell.pfeg.noaa.gov/products/upwell.html).
The interrelationship o f environmental and oceanographic variables in the Bering 
Sea and Northeast Pacific Ocean is complex and intertwined. On a global scale it appears 
that the southern oscillation index is related to the whole North Pacific environment due 
to the link o f El-Nino events to the Aleutian low pressure system (Niebauer 1988). 
Variability in the Aleutian low appears to drive as much as 30-40% of the variability in 
the Bering Sea. Negative signals in the southern oscillation index (El-Nino event) are 
associated with an intensification of the Aleutian low pressure system (as measured by 
the North Pacific pressure index), which in turn draws warm, moist air northward along 
the northeast Pacific coast. The North Pacific pressure index tends to lag behind the 
southern oscillation index by 2 months (Niebauer 1988; Niebauer and Day 1989).
Most o f the North Pacific environment can be linked to the southern oscillation 
index and the North Pacific pressure index. Air temperatures, wind and ice cover appear 
to lag behind the southern oscillation index and North Pacific pressure index by 5-6 and 
0-6 months, respectively. Sea surface temperatures appear to lag behind air temperatures 
by 0-3 months (Niebauer 1988; Zebdi and Collie 1995). This is a highly generalized view
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of the North Pacific environment on a large scale and probably not indicative of 
smaller scale associations, which are certainly more variable.
4.3. Methods
Relationships o f Pacific herring recruitment and the environment were determined 
through correlation analyses. Correlation is typically measured by the standard Pearson 
sample correlation coefficient. Alternate correlation coefficients include two rank-based 
measures; Kendall's t and Spearman's p  (Dowdy and Wearden 1991; Hollander and 
Wolfe 1973; Zar 1984). Generally, the rank-based alternatives are preferable in 
determining significance levels, since they are not as sensitive to outliers and non­
normality as the standard Pearson estimate.
The presence o f autocorrelation in the time series o f data can affect the inferences 
o f a correlation analysis (Brockwell and Davis 1995; Pyper and Peterman 1998).
Spurious correlations between two time series can occur, particularly when lagging the 
time series. The standard method of preventing spurious correlation in the presence o f 
autocorrelation is to "prewhiten" the time series by fitting an autoregressive model and 
using the model residuals for the correlation analysis (Box and Jenkins 1976). Significant 
autocorrelation in just one o f the two time series will not greatly affect the correlation 
analysis; however significant autocorrelations in both time series can result in spurious 
correlations (Haugh 1976).
Prewhitening is not necessarily the proper procedure when faced with 
autocorrelated time series in a correlation analysis. Removal o f the autocorrelation in a 
time series prior to correlation analysis may increase Type II error rates (Pyper and 
Peterman 1998). Significant correlation coefficients arising from two autocorrelated time 
series can be the result o f the time series properties o f the two series. Prewhitening will 
remove the time series properties from the two time series, leaving white noise.
However, the excised time series properties may be the very feature important to the 
relationship between the two time series. Furthermore, the theory behind prewhitening is
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based on large sample sizes (n = 50-200) (Brockwell and Davis 1995; Haugh 1976).
Most o f the herring population data in this study is less than 50 years in length (Table
4.1). For these reasons, prewhitening was not used in this study.
For this study, correlation analysis was performed in an exploratory setting, using 
an exploratory measure o f correlation. Since correlation analysis assumes some level of 
normality and herring recruitment data appear to be lognormally distributed, the time 
series were ln-transformed (Williams and Quinn in preparation). The exploratory 
correlation measure consists o f the In transformation o f the inverse o f the computed p- 
value from Kendall's x correlation measure. A In transformation was required based on 
the highly skewed distribution of inverse p-values. The sign o f the exploratory measure 
was changed to correspond to the direction o f the relationship. For robustness, the 
exploratory correlation measure was repeated with 10% o f the outlying data trimmed 
(Rousseeuw and Leroy 1987). The final measure to be used in the exploratory analysis 
was computed by taking the average o f the full and trimmed exploratory correlation 
measures, as shown here
± L n [  -+ l ) ± L n f ------------- l--------- + 1
I p .va lu e^  )  \p.value l0>Atrim )
2 '
Based on this "conservative" correlation measure an average p-value o f 0.05 for the raw 
and trimmed data, indicating a potentially significant correlation, will result in an 
exploratory correlation measure o f +/- 3.
The exploratory correlation analysis was applied similarly to the cross-correlation 
function used in time series analysis, in which time series are lagged at sequential time 
intervals to determine relationships. In this analysis only lags which allow for the 
environmental variable to be a possible predictor o f recruitment were explored. The 
extent o f the lags will be limited to one year prior to spawning. This corresponds to four 
year lags for all the herring populations except Togiak Bay which was extended to cover 
five year lags because o f the increased age o f recruitment. Subsets o f the air and sea 
surface temperature data sets were selected based on the nearest locations to the spawning
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grounds o f the particular herring population. For the air temperature and sea surface 
temperature data, two city locations and five grids were selected, respectively.
Since Pacific herring populations appear to be closely associated based on their 
recruitment time series, the pool o f potential time periods for predictions was reduced to 
those which appear to follow a pattern o f similarity shared by other populations. Patterns 
were determined by averaging and summarizing environmental correlations by lags and 
by months. The populations were grouped according to the associations suggested in 
previous studies and shown in Table 4.1 (Chapter 3, Williams and Quinn in preparation-, 
Zebdi and Collie 1995).
The monthly environmental time series were standardized into anomalies before 
use in forecasting models. The use o f anomalies rather than raw data is preferred for 
environmentally dependent spawner-recruit modeling, since the coefficient may be more 
easily interpreted (Hilbom and Walters 1992). For simplification, these anomalies were 
averaged into yearly thirds for use in the forecasting models. Yearly thirds were chosen 
in order to correspond roughly to the pre-spawning, hatching/larval, and juvenile phases 
o f Pacific herring life history.
The Pacific herring recruitment, spawning biomass, and environmental variables 
were fit using the linearized form o f the Ricker environmental spawner-recruit model:
(1) ln(R /S)  = a - p s  + yiisi + . . .  + y\E\,
where R  is the number o f recruits, S  is the spawning biomass, E\ is the ith environmental 
variable, and {a, P, yx,..., yj} are the coefficients (Quinn and Deriso, 1999). Initially, only 
a single environmental variable was fit. The environmental variables from the best 5 sea 
surface temperature, 2 air temperature, southern oscillation index, North Pacific pressure 
index, and upwelling sets o f single variable models were then used for subsequent 
analysis in multiple environmental predictor models. Model fitting was accomplished 
with the linear model fitting algorithm in the S-Plus statistical software package.
110
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Model fit was judged by the use o f the Akaike Information Criterion (AIC), 
jacknife prediction error, and recent prediction error. The AIC is essentially a corrected 
residual squared error with a penalty weight based on the number o f parameters used in 
the model (Akaike 1974; Venables and Ripley 1997). The jacknife prediction error was 
computed by systematically leaving one year of data out o f the analysis, fitting the model 
to the reduced data set, and then calculating the mean o f squared differences between 
each excluded point and its model prediction for each year (Efron and Tibshirani 1993). 
The recent prediction error followed the same basic procedure as the jacknife prediction 
error method, except that just the last three years were removed, predicted, and the error 
computed. The jacknife and recent prediction errors were used for selecting single 
environmental variable models, while the AIC was used for selecting multiple 
environmental variable models using the stepAlC algorithm in S-Plus (Venables and 
Ripley 1997). The jacknife and recent prediction errors are preferred measures o f model 
fit for selection o f forecasting models. However, no multiple regression algorithm has 
been developed which uses the jacknife or recent prediction error for model selection.
For this reason the AIC was used for selecting the best multiple predictor model.
For many of the environmental time series there are variable amounts o f missing 
data in the past resulting in models of various sample sizes. Although the AIC and 
jacknife prediction error measures have corrections for sample size, there is still some 
dependence on the total number o f points. Since all the environmental data sets include 
the three most recent years, the recent prediction error is a more comparable measure 
between competing models o f varying sample size for the same herring populations.
The potential pool o f Pacific herring recruitment forecast models was reduced by 
a series o f  comparisons o f environmental models to the non-environmental Ricker 
spawner-recruit model for each population. The first step was to remove all models that 
did not show a decrease in the recent prediction error with the addition of environmental 
parameters. Next, models with the same sample size as the non-environmental spawner- 
recruit model were analyzed based on the jacknife prediction error. If there was no
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decrease in the jacknife prediction error, then the model was removed from the pool of 
potential forecast models.
The final selection o f a single environmental spawner-recruit model for each 
environmental variable was based on the lowest jacknife prediction error. A stepwise 
fitting procedure was performed to determine the best multiple predictor model, as 
mentioned above. The final pool o f forecasting models consists o f a set of single 
environmental variable models for each environmental variable and a single multiple 
variable forecasting model for each o f the Pacific herring populations.
4.4. Results
4.4.1. Exploratory Correlation Analysis
Exploratory correlation measures were summed across months and averaged 
within groups according to those in Table 4.1. The exploratory correlation analysis o f 
Pacific herring recruitment in Norton Sound and Togiak Bay with Bering Sea wind and 
bottom temperatures revealed very low correlation levels, so the results are not shown.
The Norton Sound and Togiak Bay populations were separated from the Bering Sea group 
due to the differing ages o f recruitment (Figure 4.2).
The overall pattern o f correlations for Pacific herring recruitment time series with 
air and sea surface temperatures is strikingly similar within groups. This pattern indicates 
the British Columbia group tends toward having negative correlations with temperature, 
while the remaining groups show positive correlations with temperature. For the 
temperature data it appears that a lag of three years is stronger than the remaining lags in 
almost every case except the outer Gulf o f Alaska group with sea surface temperatures.
The pattern o f lag correlations is similar for both o f the Bering Sea stocks despite the 
difference in age of recruitment (Figure 4.2).
The relationship o f Pacific herring recruitment and the southern oscillation index 
resulted in an opposite relationship compared to the temperature pattern. The British
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Columbia populations show a positive correlation, while the remaining populations 
tend to be mostly negative. The most important lag for the southern oscillation data 
appears to be four years, except in the outer Gulf o f Alaska group (Figure 4.2). The 
North Pacific pressure index reveals no patterns or strong correlations at any o f the lags, 
with the possible exception o f a three year lag in the British Columbia group. The low 
magnitude o f the correlation measures for the North Pacific pressure index indicates that 
the higher magnitude seen with other variables is not simply due to random chance 
(Figure 4.2).
The upwelling data show a tendency toward negative correlations for all o f the 
populations and a possible pattern emerging with a lag o f four years. However, the 
pattern o f an opposite relationship between the British Columbia group and the remaining 
populations does not appear with the upwelling data. There were no corresponding 
upwelling data for the Bering Sea stocks and exploratory measures are instead shown for 
Bering Sea ice data. Bering Sea ice cover appears to be correlated with both Norton 
Sound and Togiak Bay at a lag o f two years. A higher level o f correlation between the 
Togiak Bay population and the Bering Sea ice cover occurs at a lag o f  five years (Figure
4.2).
In an attempt to further elucidate patterns of correlations between Pacific herring 
recruitment and environmental variables, the exploratory correlation measure was 
examined by months. For air and sea surface temperature data, the average for the two 
and five selected stations, respectively, was used to examine the correlations by month.
For robustness and graphing convenience, a lowess smoothed line (f=  0.15) was fit to the 
reverse ordered monthly correlation measure data. Based on the similarity in lag 
correlations (Figure 4.2), the Norton Sound and Togiak Bay populations were combined 
into a Bering Sea group for the monthly analysis (Figure 4.3).
The lowess smoothed lines in monthly analysis o f Figure 4.3 confirm some o f the 
patterns seen in the analysis o f annual lags. Sea surface and air temperature data both 
show consistently opposite relationships between the British Columbia populations and 
the remaining herring populations (Figure 4.3). The peaks o f the smoothed lines seem to
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be synchronous in these panels and are indications o f time periods which may be 
useful for herring recruitment forecasting. The highest peaks in correlation for the 
temperature time series appear to be in the time period corresponding to a three year lag. 
During the fourth year lag, the temperature correlations appear to diminish, but in the first 
third (last portion o f backward time scale) they appear to increase slightly (Figure 4.3).
A similar pattern as in the temperature time series can be seen in the North Pacific 
pressure index correlations. For the British Columbia group the peak correlation appears 
during the time period corresponding to a three year lag and there is a slight increase in 
the first third o f the lag -4 time period (Figure 4.3). The Bering Sea, outer Gulf of 
Alaska, and inner Gulf o f Alaska herring groups do not indicate a strong peak in the lag - 
3 time period, but do show increasing negative correlations in the first third o f the lag -4 
time period.
The southern oscillation index correlation analysis indicates a consistently 
positive relationship with the British Columbia populations, which is consistent with the 
temperature correlations (i.e. negative southern oscillation events are associated with 
increased temperatures in the North Pacific). Furthermore, the time period o f the peak 
correlation appears to be during the lag -4 time period, which lags the peak temperature 
correlations appropriately (Niebauer 1988; Niebauer and Day 1989). The Bering Sea, 
outer Gulf o f Alaska, and inner Gulf o f Alaska groups indicate a weaker, yet consistent 
correlation pattern in the lag -4 time period o f  the southern oscillation index time series. 
The apparent trough in the outer Gulf o f Alaska group during the lag -2 time period is 
does not fit into the overall pattern for Pacific herring recruitment correlations, but may 
represent a more local scale phenomenon (Figure 4.3).
The upwelling index indicates no strong correlations with the Pacific herring 
recruitment. The first and second thirds o f the lag -4 time period indicate a possible 
pattern in the correlations, but this does not fit the paradigm of an opposite relationship 
between the British Columbia group and the remaining populations (Figure 4.3). Given 
the low magnitude o f the exploratory correlation measure relative to analyses o f other 
variables, it appears that upwelling may not be useful for herring recruitment forecasting.
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The life history stages at which the peak correlations occur are important in 
determining if  the observed pattern is appropriate. The temperature and North Pacific 
pressure correlations indicate that the lag -3 and the first third o f the lag -4 time periods 
are most important (Figure 4.3). Biologically, the lag -3 time period corresponds to the 
times just before spawning, during spawning and during early larval development. This 
period is consistent with the dominating paradigm in fisheries science of the early life 
history critical stage hypothesis. The lag -4 time period corresponds to one year prior to 
spawning and is not readily reconcilable.
Based on the patterns o f  the exploratory correlation analysis, a subset o f time 
periods to be explored for use in recruitment forecasting models was developed (Table
4.2). The time period for all o f  lag -3 and the first third o f lag -4 was chosen for the air 
temperature, sea surface temperature, and North Pacific pressure index time series (Table
4.2). For the southern oscillation and upwelling indices, the lag -4 time period was 
chosen for exploration o f potential herring recruitment forecasting models.
4.4.2. Recruitment Forecast Models .
The Ricker spawner-recruit models without environmental data were fit for 
comparison with models including environmental data (Table 4.3). All o f these models 
have a negative P parameter indicating the presence o f overcompensation. Furthermore, 
the magnitude of the parameters is similar within groups of herring populations. The 
lowest a and highest p parameters are found in the outer Gulf o f  Alaska groups, while the 
highest a and lowest p values tend to occur in the inner Gulf o f Alaska group (Table 4.3).
The screening process used for the environmental spawner-recruit models 
eliminated many potential candidate variables, particularly those not resulting in an 
improvement in the recent prediction error. The environmental model fits were judged 
based on the change in the AIC, jacknife prediction, and recent prediction errors relative 
to the non-environmental spawner-recruit models (Table 4.3). In Tables 4.4-4.7 the 
change in model performance was computed as the difference for the AIC and percent
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change for the prediction error estimates. Inferences about the nature and strength o f 
the influence o f the environmental parameters can be judged by the sign and magnitude o f 
the y parameter in the model (Hilbom and Walters 1992).
The Bering Sea herring populations are limited by a small sample size relative to 
the other populations. The best fit models for each environmental variable are shown in 
Table 4.4. The best fit for the Norton Sound population with sea surface temperature data 
occurred in lag -4 and the y parameter indicated a  positive relationship. An improved fit 
was also obtained with the Bering Sea ice cover and North Pacific pressure index, 
indicating a negative relationship. The sea surface temperature fit appears to be the best 
for Norton Sound based on the jacknife prediction error. The Togiak Bay recruitment 
model resulted in a positive relationship with Bering Sea ice cover in the first third o f  the 
year o f the lag -5 year and air temperature data from King Salmon, Alaska during the 
early part o f the lag -3 year. The ice cover fit with Togiak Bay herring seems to be the 
best single variable environmental spawner-recruit model with respect to the jacknife 
prediction error (Table 4.4).
The outer Gulf of Alaska group of herring populations resulted in very similar 
forecasting models for each of the environmental variables (Table 4.5). For all four 
populations in this group positive correlation models resulted with sea surface 
temperature data and three o f the four indicated that the first part o f lag -3 resulted in the 
best fit. The southern oscillation index resulted in improved forecasting models in three 
o f the four populations, indicating a negative relationship to this variable (Table 4.5). Air 
temperature data resulted in improved recruitment models for Prince William Sound and 
Southeast Alaska. Large improvements in the prediction error were apparent with 
Southeast Alaska and air temperature.
The inner Gulf o f Alaska group resulted in the most environmentally dependent 
spawner-recruit models showing improvement in the fits relative to the non- 
environmental spawner-recruit models. Nearly every population in this group gained 
improved forecasting power with the addition o f each environmental variable (Table 4.6, 
Figure 4.4). Although the corresponding lag for each environmental variable with the
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best fit was not always agreed upon for each population, there was some overlap 
between populations which shared relations with the same environmental variable. Craig 
and Kah-Shakes shared positive correlations with the Little Port Walter, Alaska air 
temperature data and Kah-shakes shared a sea surface temperature variable with the 
Seymour Canal population. The Kah-Shakes group indicated a positive relationship with 
the North Pacific pressure index, while the other members o f the group indicated a 
negative relationship. Upwelling data revealed a consistent negative relationship with all 
the members o f the inner Gulf o f  Alaska herring group (Table 4.6).
The British Columbia group o f forecasting models were all improved with the sea 
surface temperature and southern oscillation index data. In every case, the sea surface 
temperature data revealed a positive relationship and the southern oscillation data resulted 
in a negative relationship (Table 4.7). Aside from all the populations sharing a 
relationship with the southern oscillation index, the Queen Charlotte Islands and Central 
Coast populations shared a relationship with the sea surface temperature data at 131°W 
Longitude and 53°N Latitude. Nearly all the British Columbia populations showed 
improvements in all three error measurements for almost every environmental variable.
The multiple regression models for Pacific herring recruitment forecasting did not 
always result in improved prediction power (Table 4.8). Herring populations not shown 
in Table 4.8 resulted in single environmental parameter regression models equivalent to 
one of the models mentioned above as selected by the applied stepwise multiple 
regression procedure. The multiple regression models for Prince William Sound and 
Craig were worse in forecasting power than the non-environmental spawner-recruit 
models. The Queen Charlotte Islands multiple regression model did result in an 
improvement as measured by the jacknife prediction error, but not by the recent 
prediction error. The remaining multiple regression models all showed improvement 
compared to the best single environmental variable forecasting model (Table 4.8).
4.5. Discussion
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The exploratory correlation analysis resulted in patterns in which the lags in 
Table 4.2 were the most significant. The important question is, do these lags correspond 
to the known information about Pacific herring, the environment and their 
interrelationships? The predominating view of the North Pacific environment is that it is 
dominated by the position and intensity o f the Aleutian low pressure system as measured 
by the North Pacific pressure index. Studies have shown that the North Pacific pressure 
index is related to the southern oscillation index by a lag o f approximately 2 months 
(Niebauer 1988; Niebauer and Day 1989). The North Pacific pressure index is correlated 
with air and sea surface temperatures, but the lag at which this occurs ranges from 0-6 
months (Niebauer 1988; Niebauer and Day 1989). However, there is some conclusive 
evidence that the southern oscillation index lags behind air and sea surface temperatures 
by about 5-9 months. So, there is slightly conflicting published results indicating where 
the North Pacific pressure index fits into the relationship o f the southern oscillation index 
and temperatures.
The correlation analysis revealed the peak correlation times for air and sea surface 
temperatures occurred at lag -3, while the peak correlation for the southern oscillation 
index appeared to be at lag -4. If herring are responding to some large-scale 
environmental forcing, being primarily driven by the southern oscillation, then this is 
consistent with known relationships. In our study we used the same lag times for the 
North Pacific pressure index as we did for the temperature data (Table 4.2). In a sense we 
are assuming that the North Pacific pressure index is closely correlated with the 
temperature data. This implicates the southern oscillation index as lagging behind the 
North Pacific pressure index by 6-12 months, which does not completely agree with 
previous correlation studies (Niebauer 1988; Niebauer and Day 1989).
We reconcile this disagreement in peak correlation lag times for the southern 
oscillation and North Pacific pressure indices by indicating that in our analysis the links 
between herring recruitment and the North Pacific pressure index are weaker than the 
links with the southern oscillation index. The North Pacific pressure index may not be an 
accurate representation of the intermediary link between the southern oscillation and
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temperatures in the North Pacific. The southern oscillation index correlations resulted 
in a consistent pattern that matched the patterns seen in the temperature data (Figures 4.2 
and 4.3).
The exploratory correlation analysis did result in an overall pattern of 
relationships of herring and the environment. It appears that herring are related to both 
local and global scale environmental variables. A fairly consistent pattern emerged in 
which British Columbia herring showed opposite relationships as compared to the 
remaining Northeast Pacific herring populations. This lends credibility to previous 
studies indicating the grouping structure used in this analysis is a real phenomenon 
(Chapter 3, Williams and Quinn in preparation; Zebdi and Collie 1995; Zheng 1996). 
Further, the lags at which these relationships occurred was fairly consistent across all the 
herring populations, indicating similar responses to the environment (Figures 4.2 and
4.3). The dominant pattern o f environmental forecasting variables indicated that 
temperatures during the first third o f lag -3 and the southern oscillation index during the 
first third o f lag -4 generally resulted in the best forecasting models (Tables 4.4-4.7). 
Additional analysis o f these lag correlations with annual environmental variables 
averaged across months indicated the use o f shorter time scales, such as months or yearly 
thirds, are more revealing (Appendix, Figures A1-A3). Generally, the North Pacific 
pressure and upwelling indices did not result in the best models and appeared inconsistent 
in their usefulness for forecasting Pacific herring recruitment.
The multiple environmental variable models did not always result in 
improvements in the prediction errors, relative to the non-environmental spawner-recruit 
models (Table 4.8). This is a direct result o f the use o f the AIC in the multiple 
environmental variable model selection algorithm instead o f the jacknife or recent 
prediction errors which were used for selecting single environmental variable models.
The AIC does not always agree with the prediction error as seen in Figure 4.5. The 
discrepancies are a direct result o f the differences between model selection based on 
modified residual sums of squares (AIC and BIC) and prediction errors (jacknife, recent, 
and bootstrapping). Since the primary purpose for the models presented in this research
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is forecasting, the jacknife and recent prediction errors are better measures o f model 
goodness-of-fit.
The mechanism by which the environment is influencing herring recruitment 
fluctuations may be acting in a direct or indirect means. The strength o f the correlations 
suggests that temperature is more influential than the rest of the environmental 
parameters. The only way in which air temperature comes in direct contact with herring 
is during low tides after the adhesive eggs have been attached to rocks and plants in the 
intertidal zone. Previous studies have shown that egg loss due to air exposure can be 
high, but it is not clear if  this can ultimately determine future levels o f recruitment (Jones 
1972; Rooper 1996; Rooper et al., in prep.).
Water temperatures could have direct effects on egg condition, egg mortality, 
larval mortality, and timing o f spawning (Blaxter 1992; Hay 1985; Taylor 1971). Egg 
and larval mortality appear to be unlikely since most of the sea surface temperature 
correlations appear to be stronger with sampling sites located offshore, away from coastal 
areas. Typically the coastal water temperatures are highly variable and localized due to 
terrestrial influences. However, given the annual migration patterns o f adult Pacific 
herring, it is possible for offshore water temperatures to affect the condition o f eggs in 
spawning adults. This hypothesis was suggested by Zebdi and Collie (1995) in their 
analysis o f Sitka Sound herring.
How water temperature effects maturation o f herring eggs and ultimately 
recruitment in adults is important to understanding the plausibility o f such a hypothesis.
It appears unlikely that fecundity o f adult herring is affected by temperature changes, 
since there does not appear to be any evidence o f this from the fishery (which harvests 
eggs directly) or spawn deposition surveys. It is possible that hatching success and/or 
subsequent larval survival may be affected by reduced egg condition (McGurk et al.
1993).
Another plausible hypothesis for the mechanism by which herring recruitment is 
affected by water temperatures during the time of gonad maturation is through indirect 
effects. It is likely that the correlation o f herring recruitment with air and sea surface
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temperatures is simply a proxy for some other more direct influence. The fact that the 
direction o f the correlations with temperature change from more northerly herring 
populations to more southerly populations is suggestive o f an indirect affect. 
Unfortunately temperature could be seen as a proxy for nearly any mechanism from 
predator abundance to food availability.
The most likely scenario is that sea surface temperatures in the first third o f the 
year (the peak time for herring correlations) affect the relative timing of Pacific herring 
spawning to subsequent physical ocean conditions. Ocean conditions such as the onset, 
strength, and/or duration o f both the spring bloom and coastal currents may affect herring 
survival, depending on the relative timing o f spawning. The dominate paradigm in 
fisheries leans toward the larval stage of herring life history as being the most important 
for determining year class strength (Hjort 1914, Cushing 1975, lies and Sinclair 1982).
Previous studies have indicated that offsets in timing o f herring spawning and set­
up o f ocean conditions can affect Pacific herring survival (McGurk et al. 1993; McGurk 
1989; McGurk 1984; Stevenson 1962). However, these studies disagree as to the 
ultimate source of mortality. Both food availability (Cushing's (1975) match-mismatch 
hypothesis) and retention mechanisms (lies and Sinclair's (1982) member-vagrant 
hypothesis) have been implicated in previous studies o f  Pacific herring.
The drastic change in the nature o f the correlations from Gulf o f Alaska 
populations and British Columbia populations suggests that different mechanisms may be 
operating in each area. Stevenson (1962) and McGurk (1989) studied Pacific herring 
from British Columbia and suggested that advection may be the most important 
mechanism for herring larval survival. Another study by McGurk et al. (1993) examined 
Pacific herring in Southeast Alaska and suggested that egg condition and predation may 
be more important sources o f mortality for Pacific herring. This study also suggested that 
advection was a minor source o f  larval loss/mortality. Perhaps British Columbia herring 
are more susceptible to advection forces, compared to Gulf o f Alaska herring, which may 
be affected by other forces, such as predation and/or egg condition.
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There appear to be some differences in coastal current conditions between 
Southeast Alaska and British Columbia. All o f the coastal Northeast Pacific Ocean is 
affected by freshwater run-off, which is comparable to the discharge from the Mississippi 
River plume. The seasonal freshwater discharge from numerous small streams creates a 
cross-shelf salinity gradient which drives a poleward coastal baroclinic jet named the 
Alaska Coastal Current (ACC) (Freeland et al. 1984; Royer 1982; Schumacher et al.
1989). O ff the coast o f Vancouver Island, the coastal current is named the Vancouver 
Island Coastal Current (VICC), which appears to undergo seasonal changes in direction 
(Hickey et al. 1991; Freeland et al. 1984). The flow o f the VICC becomes much more 
variable during the spring months, with a complete reversal in direction developing in the 
southerly areas by May. A little further to the north, around the Queen Charlotte Islands, 
there appears to be a southerly flowing coastal current, which switches to a northerly flow 
during the spring months (Freeland et al. 1984). Further north, it appears that the coastal 
current remains in the northerly direction year-round, with some seasonal weakening 
(Royer 1982).
Clearly, there are differences in the coastal currents between Southeast Alaska and 
British Columbia. The problem is discerning how temperature anomalies are affecting 
these coastal currents. The currents are clearly affected by seasonal changes in freshwater 
discharge, with the British Columbia currents experience a spring transition (Freeland et 
al. 1984). Monthly freshwater discharge appears to be at its minimum during the winter 
months, with a steady increase toward a season maximum in summer/fall. Perhaps warm 
temperature anomalies in spring result in increased freshwater discharge, thereby 
disrupting the spring transition in coastal currents in British Columbia. This implies that 
the spring transition in  coastal currents is favorable to Pacific herring survival in British 
Columbia, thereby justifying the negative correlation o f herring recruitment and 
temperature. In Southeast Alaska, the coastal current remains northward all season long, 
and perhaps strengthening of this current during the spring months is favorable to herring. 
Deviations from this relationship o f Pacific herring recruitment and coastal currents could
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further be explained by wind anomalies that also affect the ACC and VICC (Freeland 
et al. 1984; Royer 1982; Schumacher et al. 1989).
Despite not knowing the exact mechanism governing year class fluctuations, we 
have demonstrated a clear indication that Pacific herring populations in the North Pacific 
are closely linked to the environment and that this can be utilized for the purposes o f 
improving upon current methods o f forecasting recruitment. The forecast models 
contained herein can be applied directly for herring forecasts, but should probably just 
serve as a template for annual computations of herring recruitment. The time scale of 
environmental data used for the forecasting models in this research was averaged over 
yearly thirds for convenience. Further model improvements may be attained by 
examination on a monthly scale, for which data is typically available.
Clearly, we have not presented evidence of the mechanism by which the 
environment acts to influence Pacific herring recruitment. In fact the additional variation 
explained by the forecasting models in this research is not nearly enough to cease any 
further research into causes o f Pacific herring recruitment fluctuations (Figure 4.4). It is 
likely that the actual mechanism by which the environment acts on Pacific herring 
recruitment changes from time to time. The dominant pattern for Pacific herring 
recruitment time series indicates a high degree o f variability, with strong year class events 
occurring every 3-10 years. The strong year classes can be as much as 429 times more 
than the weakest recruitment event o f the same time series (Zheng 1996). Perhaps a 
closer examination o f the strong year class events and local environmental conditions 
may indicate possible mechanisms that influence Pacific herring recruitment.
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TABLE 4.1. Pacific herring population associations from the Northeast Pacific Ocean as 
suggested by Williams and Quinn (1998).
Outer Waters Inner Waters
Bering Sea Gulf o f Alaska Gulf o f Alaska British Columbia
(BS) (OGOA) (IGOA) (BC)
Norton Sound (NOR) Kodiak/Kamishak Bay Seymour Canal Queen Charlotte Islands
Togiak Bay (TOG) Prince William Sound Craig Central Coast
Sitka Sound Kah-Shakes West Vancouver Island
Southeast Alaska Prince Rupert Strait of Georgia
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TABLE 4.2. Lagged time periods based on exploratory correlation analyses selected for 
use in forecasting models.
Lag -1 Lag -2 Lag -3 Lag -4
Yearly Third 3 2 1 3 2 1 3 2 1 3 2 1
Sea Surface Temperature X X X X
Air Temperature X X X X
Southern Oscillation X X X
North Pacific Pressure X X X X
Upwelling X X X
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TABLE 4.3. Ricker type spawner-recruit model fits and prediction errors for Pacific herring 
populations in the Bering Sea and Northeast Pacific Ocean.
Ricker Parameters Prediction E rror
Pacific H erring Populations n a P AIC Jacknife Recent
Norton Sound 13 3.38 -0.0780 1.37 1493 699
Togiak Bay 16 2.65 -0.0076 3.83 212630 112979
Kodiak/Kamishak Bay 38 1.40 -0.0087 39.63 83660 8220
Prince William Sound 47 1.96 -0.0138 22.20 102174 14329
Sitka Sound 24 2.05 -0.0051 15.88 214027 78140
Southeast Alaska 65 2.55 -0.0158 35.20 299589 191947
Seymour Canal 18 4.73 -0.6928 -3.85 1463 4423
Craig 20 4.07 -0.1403 26.09 66315 10655
Kah-Shakes 18 3.51 -0.1421 -13.11 7526 2299
Prince Rupert 43 3.77 -0.0517 3.27 144772 835799
Queen Charlotte Islands 43 3.96 -0.0865 18.32 140895 22271
Central Coast 43 3.29 -0.0616 -3.86 43723 1332
West Vancouver Island 43 3.35 -0.0346 5.16 69450 48046
Strait of Georgia 43 3.73 -0.0225 -41.79 159054 51084
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TABLE 4.4. Best Ricker type spawner-recruit model fits and prediction errors for a single environmental
variable for Pacific herring populations in the Bering Sea group.
Ricker Parameters Prediction Error
Variable Third Lag n a P y A IC Jacknife Recent
Norton Sound
SST (165W 55N) 1 4 13 3.35 -0.077 0.276 1.31 -8.5% -10.6%
Ice 1 3 13 4.16 -0.095 -0.635 0.44 -7.3% 33.4%
NPPI 3 3 13 3.47 -0.080 -0.225 1.19 -0.5% -8.2%
Togiak Bay
Ice 1 5 16 2.22 -0.00644 0.449 -2.28 -13.8% -65.9%
AT (King Salmon) 1 3 15 2.30 -0.00637 0.525 -3.22 1.1% -4.5%
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TABLE 4.5. Best Ricker type spawner-recruit model fits and prediction errors for a single environmental variable
for Pacific herring populations in the outer Gulf of Alaska group.
Environmental Yearly Ricker Parameters Prediction Error
Variable Third Lag n a P Y A IC Jacknife Recent
Kodiak/Kamishak Bay
SST(I4SW 57N) 2 3 17 2.09 -0.0228 0.457 -26.35 -86.4% -11.0%
N PPI 1 3 26 2.31 -0.0423 -0.793 -16.51 -73.0% -8.3%
Prince W illiam  Sound
SOI 2 4 47 1.93 -0.0132 -0.327 -1.73 -2.0% -4.6%
AT (Kodiak) 2 3 47 1.99 -0.0144 0.175 0.89 -1.3% -12.0%
SST (143W 57N) 1 3 33 2.30 -0.0219 0.533 -10.47 4.2% -49.5%
U PW 2 4 32 2.11 -0.0217 -0.196 -5.67 10.4% -49.9%
N PPI 1 3 32 2.03 -0.0198 -0.211 -5.43 10.6% -53.4%
Sitka Sound
SOI 1 4 24 2.32 -0.0174 -0.384 0.37 -9.2% -38.5%
SST (135W 55N) 1 3 24 1.80 0.0057 -0.310 0.65 -4.5% -41.6%
Southeast Alaska
AT (Sitka) 1 3 65 2.57 -0.0163 0.428 -5.82 -5.0% -42.9%
SOI 2 4 65 2.53 -0.0153 -0.149 0.82 -0.8% -8.4%
SST (133W 51N) 1 3 62 2.54 -0.0148 0.323 -1.72 -0.6% -18.6%
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TABLE 4.6. Best Ricker type spawner-recruit model fits and prediction errors for a single environmental
variable for Pacific herring populations in the inner Gulf of Alaska group.
Environmental Yearly Ricker Parameters Prediction Error
Variable Third La g n a 3 Y A IC Jacknife Recent
Seymour Canal
A T  (Annex Cr.) 1 3 14 4.92 -0.744 0.126 -22.19 -70.3% -82.0%
S S T  ( 137W 57N) 1 3 18 4.62 -0.648 0.283 -3.57 -19.4% -7.3%
NPPI 1 3 18 4.70 -0.681 -0.192 -0.20 -11.5% -12.5%
SOI 2 4 18 4.68 -0.673 -0.244 -0.88 -8.2% -8.5%
UPW 1 4 18 4.74 -0 .697 -0.161 0.34 -5.2% -1.7%
Craig
S S T  (133W 5 IN) 1 4 20 4.23 -0.162 0.578 -0.26 -8.9% -49.2%
NPPI 1 4 20 4.12 -0.147 -0.394 0.63 -6.9% -47.2%
UPW 1 4 20 4.36 -0 .180 -0.598 0.09 -4.8% -25.2%
A T  (L. Port Walter) 1 4 18 4.41 -0.208 0.922 -1.67 0.5% -29.0%
Kah-Shakes
S ST  (137W 57N) 1 3 18 3.65 -0 .156 0.327 -3.78 -11.5% -15.6%
NPPI 3 3 18 3.39 -0.129 0.113 0.02 -0.8% -18.8%
UPW 2 4 18 3.31 -0.121 -0.251 -0.53 -0.4% -0.4%
A T  (L. Port Walter) 1 4 16 3.63 -0 .150 0.013 4.81 14.2% -28.9%
Prince Rupert
A T  (Prince Rupert) 2 3 40 3.91 -0.063 0.521 -9.73 -50.2% -75.3%
S ST  (135W 55N) 2 3 43 3.84 -0 .056 0.331 -3.23 -12.7% -6.0%
SOI 1 4 43 3.77 -0.052 -0.256 -2.19 -7.6% -20.4%
NPPI 1 4 43 3.79 -0.053 -0.187 -0.67 -2.3% -5.5%
UPW 1 4 43 3.93 -0.062 -0.289 -1.36 -0.4% -0.8%
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TABLE 4.7. Best Ricker type spawner-recruit model fits and prediction errors for a single environmental variable
for Pacific herring populations in the British Columbia group.
Environmental Yearly Ricker Parameters Prediction Error
Variable Third l *R n a 3 y AIC Jacknife Recent
Qneen Charlotte Islands
SST (I3JW  53N) 3 3 41 3.77 -0.079 -0.461 -9.87 -25.3% -24.3%
UPW 2 4 43 4.06 -0.093 -0.470 -5.65 - 10.2% -6.7%
SOI 3 4 43 3.98 -0.087 0.274 -1.40 -2.7% -30.4%
NPPI 3 3 43 4.00 -0.089 0.108 0.95 - 1.2% -9.6%
AT (S t James) 3 3 40 3.94 -0.080 -0.093 -3.11 4.8% -20.0%
Central Coast
SST(131W 53N ) 1 3 41 3.01 -0.047 -0.468 -11.01 -39.4% -81.3%
SOI 2 4 43 3.28 -0.061 0.151 0.78 -0.3% -15.5%
West Vancouver Island
SST (133W 51N) 1 3 43 3.39 -0.036 -0.430 -7.73 -23.6% -42.1%
AT (Pachena) 1 3 40 3.37 -0.034 -0.360 -6.67 -21.7% -83.9%
NPPI 1 3 43 3.36 -0.035 0.376 -7.27 -16.0% -49.5%
SOI 1 4 43 3.43 -0.038 0.208 -1.56 -7.0% -40.0%
UPW 3 4 43 3.25 -0.031 -0.165 -0.92 - 1.8% -27.3%
Strait of Georgia
SST (129W 49N) 1 3 43 3.71 -0.022 -0.179 -2.47 -7.5% -17.5%
SOI 2 4 43 3.75 -0.023 0.091 0.97 -1.4% - 1.8%
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TABLE 4.8. Best Ricker type spawner-recruit model fits and prediction errors for multiple environmental 
variables for Pacific herring populations from the Bering Sea and Northeast Pacific Ocean.
Environmental Yearly Ricker Parameters Prediction Error
Variable Third Lag n a P (y i —y / J AIC Jacknife Recent
Kodiak/Kamishak Bay 17 2.75 -0.046 -36.32 -81.9% -77.0%
UPW 1 4 -0.081
SST (147W 57N) 1 3 0.517
AT (Kodiak) 3 3 0.677
Prince William Sound 23 2.86 -0.033 -24.64 20.1% 28.3%
UPW 2 4 -0.618
SST (143W 57N) 2 3 -0.990
SST (143W 57N) 1 4 -0.358
SST (149W 57N) 2 3 1.056
Seymour Canal 13 4.76 -0.681 -25.20 -78.6% -88.5%
AT (Annex Cr.) 1 3 0.103
AT (Annex Cr.) 3 3 0.177
SST (137W 57N) 1 3 0.154
SST (133W51N) 1 3 0.072
Craig 18 4.07 -0.146 -2.26 11.2% 281.5%
SST (135W 55N) 1 4 -1.493
AT (L. Port Walter) 1 4 2.056
Kah-Shakes 16 1.58 0.057 -9.33 -1.8% -95.9%
SST (I35W 57N) 3 3 0.243
SST (137W 57N) 2 3 0.661
UPW 2 4 -0.488
AT (L.Port Walter) 1 4 0.482
Prince Rupert 38 3.95 -0.068 -14.42 -60.9% -85.8%
AT (Prince Rupert) 2 3 0.629
SST (131W 55N) 2 3 0.286
SOI 1 4 -0.324
SST (131W51N) 2 3 -0.328
Queen Charlotte Islands 41 3.87 -0.085 -13.32 -87.5% 433.3%
SST (131W 53N) 3 3 -0.444
UPW 2 4 -0.367
W. Vancouver Island 41 3.39 -0.036 -11.06 -32.5% -69.6%
SST (131W 53N) 1 3 -0.236
SST (133W 51N) 1 4 -0.314
NPPI 1 3 0.267
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FIGURE 4.3. Lowess smoothed line fits (fraction smoothed = 0.15) for monthly (tick marks) exploratory 
correlation measures of environmental variables lagged from 1 to 5 years (labeled as thirds) for the Bering 
Sea (BS), outer Gulf of Alaska (OGOA), inner Gulf of Alaska (IGOA), and British Columbia (BC) herring 
population associations.
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The field o f fishery science exists because o f  the need to conserve renewable 
aquatic natural resources. Fishing is one o f the more important activities which utilizes 
living aquatic resources. Recent history has demonstrated the capability o f human fishing 
practices to deplete fish abundances in the oceanic environment, reinforcing the need for 
more effective management. The ideal fisheries management system would contain a 
survey of necessary information, statistical analysis o f this information, and simulation o f 
future estimates for various management actions. To this end the research presented 
herein provides an improved population model for Norton Sound herring (Chapter 1), a 
method for computing error levels o f model estimates (Chapter 2), and a description o f 
population interrelationships and recruitment forecast models for the major Pacific 
herring populations in the Bering Sea and Northeast Pacific Ocean (Chapter 3 and 4).
One o f the more important features o f any fisheries management system is the 
ability to accurately forecast population estimates and the effects o f management 
scenarios on these estimates. Age-structured models such as the one presented in Chapter 
1 can be used to forecast cohort abundances. The use o f cross validation techniques such 
as the bootstrapping procedure presented in Chapter 2 are useful for computing error 
levels for model estimates. In this research the error calculations are presented as a 
separate process from population modeling. More advanced population models o f Pacific 
herring could include error estimates as part o f the fitting process (Ludwig and Walters 
1989; Megrey 1989). Alternately, a population model could be framed in a Bayesian 
context, requiring independent prior information, but allowing for the calculation of 
probability distributions about parameter estimates (Kinas 1996; McAllister and Ianelli 
1997; McAllister et al. 1994). Ultimately, the goal o f  population modeling is to provide 
forecasts o f population parameters including error levels to the management process.
One of the more important forecasting parameters for fisheries management is the 
forecasting o f recruitment or year class strength. Typically the forecasting o f recruitment 
is a separate modeling process from the population assessment mentioned above (Quinn
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and Deriso in press). Depending on the maximum age o f the species o f  concern, 
future recruitment may be a minor component o f future biomass estimates and using an 
average o f the most recent recruitment years may suffice. Pacific herring are relatively 
short lived and experience large fluctuations in their recruitment time series. Often times 
one year of recruitment will dominate the biomass o f a particular herring population for 
several years. For this reason, accurate recruitment forecasts for Pacific herring can be 
important to the overall forecasting of herring data.
Recruitment in any fish population is ultimately dependent on the size o f  the 
spawning stock and for this reason spawner-recruit models have evolved. When these 
models are fit to spawner-recruit data, the fit often appears inadequate for accurate 
forecasting o f recruitment. For this reason, research on the recruitment of fish 
populations, as in Chapter 3 and 4, is essential to producing improved recruitment 
forecasting models.
Pacific herring recruitment fluctuations have been implicated as being driven by 
both physical and biological forces. It is clear that all populations must experience 
biological limitations, typically in the form o f a density-dependent relationship, usually 
with some type o f compensation. Compensation occurs because there is an overload of 
individuals at some point in their life history. The overload may occur as early as the egg 
stage for herring, during which multiple layers o f eggs will begin to suffocate underlying 
layers. Or, the compensation may occur in the larval phase during which competition for 
food or cannabilism may become a large source of mortality. In this research, density- 
dependence was modeled using the Ricker type spawner-recruit function. One 
assumption o f this type and most other spawner-recruit models, is that compensation 
effects occur at a fairly constant population abundance level. It is possible that 
compensation is dependent on other factors such as, environmental conditions and food 
availability.
Pacific herring recruitment time series are highly variable with successful and 
unsuccessful recruitment years. Time series o f  herring indicate that large recruitment 
events are less frequent than smaller recruitment events. This may indicate that
146
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recruitment levels are normally suppressed and when a chain o f  favorable events 
occurs, then a large year class is produced. This could be viewed much like a Markov 
chain where there are discrete events in which, depending on the conditions during this 
time, will influence the conditions in the next time period. The overall probability o f a 
successful year class could be viewed as a 'law o f  the minimum1 scenario, in which any 
time period may inhibit a strong year class and only when conditions are right in every 
time period does a strong year class emerge.
The analysis in Chapter 3 indicated Pacific herring populations exhibit highly 
synchronous large year class events. This synchronicity suggests favorable large-scale 
environmental influences may be the driving force behind the recruitment fluctuations. 
However, the inconsistency in the population overlap at which the year class events occur 
in Pacific herring populations is suggestive of a high degree o f variability in the spatial 
scale at which the large-scale environment force is acting. This implies that these herring 
populations might still behave independently, yet be driven by some shared large-scale 
influence. The associations suggested in Chapter 3 indicate populations seem to be 
responding similarly at a sub-global scale. There appear to be distinct boundaries to the 
geographic range for herring population similarities, yet there is evidence o f shared 
influences on the global scale as well. This suggests that the scale at which the 
environment is acting on Pacific herring recruitment may be variable.
The exploratory correlation analysis performed in Chapter 4 indicated that the 
environment influences recruitment during the same life history stage. The dominating 
pattern o f correlations suggested temperatures affected Pacific herring recruitment during 
the year o f spawning, hatching, and larval development. A weaker correlation occurred 
between the southern oscillation index and the time period one year prior to the year in 
which temperature was correlated. The difference in the time o f correlation for 
temperature and the southern oscillation is consistent with the idea that the southern 
oscillation effects the whole North Pacific, specifically temperatures at a lag o f 5-9 
months (Niebauer 1988; Niebauer and Day 1989). Still, the correlation o f Pacific herring 
recruitment with temperatures did not explain all the variation in the spawner-recruit
147
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models. The increase in  correlation from the southern oscillation to the temperature 
data suggests this is the direction towards the physical mechanism which ultimately 
determines Pacific herring recruitment. Furthermore, this suggests that the spatial scale at 
which the environment is acting on herring recruitment is at a comparable scale for 
temperature variability and at least smaller than that o f the southern oscillation scale.
The time of the peak correlations suggests that survival during the early life 
history stages, in particular the larval stage, is affected by the physical environment. The 
classical views o f recruitment fluctuations, such as Cushing's (1975) match-mismatch and 
lies and Sinclair's (1982) member-vagrant hypotheses are both plausible explanations.
The distinct change in the direction o f the relationship between British Columbia stocks 
(minus Prince Rupert) and Southeast Alaska (including Prince Rupert) stocks is 
suggestive that temperature is serving as a proxy for some other physical or biological 
influence on herring recruitment. Previous studies, have suggested that coastal currents 
and advection processes play an important role in Pacific herring larval survival and there 
appaers to be distinct differences in the coastal currents between Britsh Columbia and 
Southeast Alaska (Freeland et al. 1984; McGurk 1989; Royer 1982; Stevenson 1962). 
However, the exact nature o f the relationships o f temperature to coastal currents and their 
subsequent relationship to Pacific herring recruitment remains vague and should serve as 
an area for further research.
148
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Figure A l . Relationship of mean annual air temperature anomalies (two stations at lag - 
3) and mean log transformed recruitment anomalies with lowess smoothed lines (f=0.15). 
Points labeled as year o f recruitment anomaly.
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Figure A2. Relationship o f mean annual sea surface temperature anomalies (five stations 
at lag -3) and mean log transformed recruitment anomalies with lowess smoothed lines 
(f=0.15). Points labeled as year of recruitment anomaly.
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Figure A3. Relationship o f southern oscillation anomalies (lag -4) and mean log transformed 
recruitment anomalies with lowess smoothed lines (f=0.15). Points labeled as year class of 
recruitment anomaly.
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